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durante el resto de mi carrera.
Además del apoyo de todos los compañeros del laboratorio, la realización
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Sumari
La fibrilació auricular (FA) és una de les aŕıtmies card́ıaques més comuns, que
afecta al voltant del 10% de la població de més de 70 anys. En FA, els impulsos
elèctrics auriculars generats per el node sinusal són substituts per impulsos
elèctrics desorganitzats. Això està associat amb un bombardeig irregular de
activacions auriculars cap al node AV. Atès que el node AV no pot conduir
totes aquestes activacions, algunes d’elles són bloquejades en el node. Aquesta
propietat de filtratge que té el node és fonamental per mantenir el ritme card́ıac
en un rang compatible amb la vida. No obstant això, la resposta ventricular
durant FA presenta intervals RR (temps entre dues activacions) més curts i
irregulars que durant ritme sinusal. Aquest ràpid i variable ritme card́ıac pot
causar alguns dels śımptomes més severs d’aquesta aŕıtmia. Com que el node
AV es l’única estructura responsable per a la conducció dels batecs auriculars
cap als ventricles, les estratègies terapèutiques per controlar el ritme card́ıac
durant FA tracten d’utilitzar i ajustar les propietats de conducció del node.
No obstant això, segueix sense estar suficientment entès el paper que aquestes
propietats de conducció juguen per controlar i modular la resposta ventricular
durant FA.
Durant el desenvolupament d’aquesta tesi s’han investigat en diferents
espècies i amb diverses tècniques algunes de les principals caracteŕıstiques de
la conducció del node AV amb la intenció d’aportar major coneixement sobre
aquesta intrigant estructura del cor. Espećıficament, s’ha analitzat un dels
fenòmens més enigmàtics de la resposta ventricular durant FA: l’aparició de
patrons de resposta ventricular multimodals en construir histogrames de RR
obtinguts a partir de registres de llarga durada. En la literatura s’han suggerit
diverses teories que poguessin explicar l’aparició d’aquests múltiples intervals
RR predominants, en concret s’ha plantejat la possibilitat que representin
múltiples del peŕıode refractari del node AV o que siguin deguts a l’existència
d’una doble psicologia del node AV. En el desenvolupament d’aquesta
dissertació es mostraràn alguns resultats incompatibles amb aquestes teories,
raó per la qual es presenta i defensa una nova hipòtesi que suggereix que els
intervals RR predominants estan relacionats amb el procés fibrilatori auricular.
Per a validar aquesta nova hipòtesi s’ha treballat en dues vessants, una per
confirmar emṕıricament les nostres suposicions sobre registres cĺınics de llarga
xi
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durada en humans i una altra per validar aquestes suposicions mitjanant el
desenvolupament i utilització d’un model matemàtic funcional del procés
fibrilatori auricular i de la conducció auriculo-ventricular.
A la primera part de la tesi, es van analitzar senyals d’ECG registrades de
24 hores preses en pacients amb FA. Es va detectar el nombre i la posició dels
intervals RR predominants, aquestes caracteŕıstiques es van comparar amb la
mitjana i la desviació estàndard de la longitud de cicle dominant en la auricular.
Això ens va permetre demostrar una relació estad́ıstica entre la longitud dels
intervals RR predominants i els múltiples de la longitud de cicle auricular.
A la segona part de la tesi es van utilitzar registres epicàrdics, presos en
humans i en conills, per modelar matemàticament el procés fibrilatori auricular
i la conducció auriculoventricular. Mitjanant la utilització d’aquests models es
va poder demostrar el paper fonamental que juga la longitud del cicle d’activació
auricular. S’ha demostrat com durant FA el node AV s’encarrega principalment
conduir activacions a un ritme múltiple del el ritme auricular mitjà. També s’ha
comprovat la importància que té l’organització del bombardeig auricular a l’hora
d’obtenir un o altre patró d’activació ventricular. A més, els models matemàtics
desenvolupats han estat útils per clarificar algunes peculiaritats complexes de
la conducció a través del node AV. El model s’ha utilitzat per a explicar com
la interacció entre el camı́ ràpid i lent del node AV pot ser responsable de la
generació del ritmes de Wenckebach at́ıpics (ritmes ventricular irregulars durant
activacions auriculars regulars). Per últim, el model presentat permet una fàcil
ablació del camı́ ràpid o lent de conducció en el mateix cor per tant ha permès
avaluar els efectes cĺınics de l’ablació la qual s’han presentat a la literatura com
una possible eina terapèutica per controlar el ritme ventricular durant FA.
Sumario
La fibrilación auricular (FA) es una de las arritmias cardiacas más comunes, la
cual afecta alrededor del 10% de la población de más de 70 años. En FA, los
impulsos eléctricos auriculares generados por el nodo sinusal son sustituidos
por impulsos eléctricos desorganizados. Esto está asociado con un bombardeo
irregular de activaciones auriculares haćıa el nodo AV. Dado que el nodo AV
no puede conducir todas estás activaciones, algunas de ellas son bloqueadas en
el nodo. Esta propiedad de ”filtrado” que tiene el nodo es fundamental para
mantener el ritmo cardiaco en un rango compatible con la vida. Sin embargo,
la respuesta ventricular durante FA presenta intervalos RR (tiempo entre dos
activaciones) más cortos e irregulares que durante ritmo sinusal. Este rápido y
variable ritmo cardiaco puede causar algunos de los śıntomas más severos de
esta arritmia. Al ser el nodo AV la única estructura responsable para la
conducción de los latidos auriculares hacia los ventŕıculos, las estrategias
terapéuticas para controlar el ritmo cardiaco durante FA tratan de utilizar y
ajustar las propiedades de conducción del nodo. Sin embargo, sigue sin estar
suficientemente entendido el papel que dichas propiedades de conducción
juegan para controlar y modular la respuesta ventricular durante FA .
Durante el desarrollo de la presente tesis se han investigado en diferentes
especies y con diversas técnicas algunas de las principales caracteŕısticas de la
conducción del nodo AV con la intención de aportar mayor conocimiento sobre
esta intrigante estructura del corazón. Espećıficamente, se ha analizado uno de
los fenómenos más enigmáticos de la respuesta ventricular durante FA: la
aparición de patrones de respuesta ventricular multimodales al construir
histogramas de RR obtenidos a partir de registros de larga duración. En la
literatura se han sugerido diversas teoŕıas que pudiesen explicar la aparición
de estos múltiples intervalos RR predominantes. En concreto se ha planteado
la posibilidad de que representen múltiplos del periodo refractario del nodo AV
o que sean debidos a la existencia de una doble fisioloǵıa del nodo AV. En el
desarrollo de la presente disertación se mostrarán algunos resultados
incompatibles con dichas teoŕıas, razón por la cual se presenta y defiende una
nueva hipótesis que sugiere que los intervalos RR predominantes están
relacionados con el proceso fibrilatorio auricular. Para poder validar está
nueva hipótesis se ha trabajado en dos vertientes, una para confirmar
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emṕıricamente nuestras suposiciones sobre registros cĺınicos de larga duración
en humanos y otra para validar dichas suposiciones mediante el desarrollo y
utilización de un modelo matemático del proceso fibrilatorio auricular y de la
conducción auriculo-ventricular.
En la primera parte de la tesis, se analizaron registros de ECG de 24 horas
tomados en pacientes con FA. Se detectó el número y la posición de los
intervalos RR predominantes, estas caracteŕısticas se compararon con la media
y la desviación estándar de la longitud de ciclo dominante en la auricula. Este
hallazgo nos permitió demostrar una relación estad́ıstica entre la longitud de
los intervalos RR predominantes y los múltiplos de la longitud de ciclo
auricular.
En la segunda parte de la tesis se utilizaron registros epicárdicos, tomados
en humanos y en conejos, para modelar matemáticamente el proceso
fibrilatorio auricular y la conducción auriculoventricular. Mediante la
utilización de estos modelos se pudo demostrar el papel fundamental que juega
la longitud del ciclo de activación auricular. Se ha demostrado como durante
FA el nodo AV se encarga principalmente conducir activaciones a un ritmo
múltiplo del el ritmo auricular medio. También se ha comprobado la
importancia que tiene la organización del bombardeo auricular a la hora de
obtener uno u otro patrón de activación ventricular. Además, los modelos
matemáticos desarrollados han sido útiles para clarificar algunas
peculiaridades complejas de la conducción a través del nodo AV. El modelo se
ha utilizado para explicar como la interacción entre el camino rápido y lento
del nodo AV puede ser responsable de la generación de ritmos de Wenckebach
at́ıpicos (ritmos ventriculares irregulares durante activaciones auriculares
regulares). Por último, el modelo presentado ha sido utilizado para emular el
efecto de la ablación del camino rápido o lento de conducción en el mismo
corazón, permitiendo evaluar los efectos cĺınicos de la ablación, los cuales se
han presentado en la literatura como una posible herramienta terapéutica para
controlar el ritmo ventricular durante FA.
Abstract
Atrial fibrillation (AF) is one of the most common cardiac arrhythmias,
affecting about 10% of the population older than 70 years. In AF, the normal
electrical impulses that are generated by the sinoatrial node are overwhelmed
by disorganized electrical impulses within the atria. This is associated with an
irregular bombarding of the atrial activity into the AV node. Since the AV
node is not able to conduct all atrial activations, some of them are blocked
within the node. This ”filtering” property of the AV node is fundamental to
maintain the heart beating in a range compatible with the life. However, the
ventricular response during AF presents shorter and more irregular RR
intervals (time between two heart beats) than during normal sinus rhythm.
This fast and irregular ventricular rate can cause some of the most severe
symptoms of this arrhythmia. Since the AV node is the only normal structure
responsible for the conduction of atrial impulses to the ventricles, the strategy
of control the heart rate during AF essentially deals with efforts to utilize and
adjust conduction properties of the node. However, the role of AV nodal
conduction properties in controlling and modulating the ventricular response
during AF is not well understood.
During the development of the present thesis different characteristics of the
AV conduction have been investigated in different species and with different
techniques with the aim of throwing light upon this intriguing structure of the
heart. Specifically, we analyzed one of the most intriguing behaviors of the
ventricular response patterns during AF; when constructing RR-interval
histograms obtained from Holter recordings with persistent AF, uni-, bi-, or
multimodal RR distribution patterns can be found. These predominant RR
intervals have been suggested in the literature to be multiples of the refractory
period of the AV node or caused by the existence of a dual AV node
physiology. However, during the development of this thesis some results
incompatible with these theories have been presented, therefore we present
and defend a novel hypothesis suggesting that predominant RR intervals are
related to the atrial fibrillatory process. In order to validate this hypothesis we
have used two main approaches, one to empirically confirm our assumptions
by using real human clinical recordings and another to validate those
assumptions by using mathematical models of the atrial fibrillatory process
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and the atrioventricular conduction.
In the first part of the present dissertation, Holter ECG signals from patients
with AF were analyzed. Number and position of predominant RR intervals were
detected and compared with mean and standard deviation of the dominant atrial
cycle length. It allowed us to demonstrate a statistical relation between the
position of predominant RR intervals of the multiples of the dominant atrial
cycle length.
In the second part of this thesis, epicardial recordings from humans and
rabbits were used to mathematically model the atrial fibrillatory process and
the atrioventricular conduction. By using these mathematical models the
fundamental role of the mean atrial to atrial interval activation has been
illustrated; the AV conduction during AF has been demonstrated to be
confined to scaling the mean atrial rate. The importance of the organization of
the atrial bombarding into the AV node has been studied. In added, developed
mathematical models were also useful to elucidate some complex peculiarities
of the conduction through the AV node during arrhythmias. The model has
been applied to explain how the interaction between fast and slow pathways of
the AV node may be responsible for the development of atypical Wenckebach
rhythms (irregular periodic ventricular cycles during regular atrial activation).
In addition, the presented model has allowed an easy modification of either
fast and slow pathways in the same heart thus permitting evaluation of the
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1.1 Motivation
Technological advantages in the field of electronics and computing are allowing
the discovering of new methods and phenomena in all scientific areas. Medicine
is one of the areas that has greatly benefited from the introduction of new
recording techniques and mathematical computing which have resulted in a
major increase in the knowledge of the biological systems during the last years.
Cardiology is, among other disciplines in medicine, one of the fields in which
both the diagnosis and treatment have been greatly improved during the last
decades thanks to the advances in technical tools for the research.
Since 1906, when Tawara produced his monograph detailing the structure
of the specialized muscular system responsible for atrioventicular conduction
system [1, 2], for his doctoral dissertation, the mysteries of this most complex of
all parts of the conduction system of the heart remain. The atrioventricular (AV)
node is known as the ”soul” of the heart, and whoever understands its anatomy
and electrophysiology will unlock the key to understanding the anatomic and
electrical fucntion of the heart itself.
During the development of the present dissertation we will focus on the
analysis of the AV conduction during fast and irregular atrial activity such as
atrial fibrillation (AF). In AF, the normal electrical impulses that are
generated by the sinoatrial node are overwhelmed by disorganized electrical
impulses within the atria. This is associated with an irregular bombarding of
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the atrial activity into the AV node. Since the AV node is not able to conduct
all atrial activations, some of them are blocked within the node. This
”filtering” property of the AV node is fundamental to maintain the heart
beating in a range compatible with life. However, the ventricular response
during AF presents a shorter and more irregular ventricular rhythm (e.g. RR
intervals which is the time between two heart beats) than during normal sinus
rhythm [3]. This fast and irregular ventricular rate associated with AF can
cause some of the most severe symptoms such as palpitation, chest discomfort,
light-headiness and syncope. In fact, the rapid and irregular heart rate may
result in the heart being unable to provide adequate blood flow and oxygen
delivery to the rest of the body with all the associated long-term problems.
And even worse, long-term tachycardia resulting from the uncontrolled
ventricular rate may lead to an induced cardiomyopathy [3].
Current AF management guidelines suggest that there are fundamentally
two ways to manage this rhythm disorder: to restore and maintain sinus rhythm
or to allow AF to continue and ensure that ventricular rate is controlled [4].
Given similar outcomes between rhythm and rate control strategies, rate control
seems an attractive endpoint for the treatment of AF in a large number of
patients [5]. Since the AV node is the only normal structure responsible for the
conduction of atrial impulses to the ventricles, the strategy of rate control during
AF essentially deals with efforts to utilize and adjust the filtering properties of
the node. However, the role of AV nodal conduction properties in controlling and
modulating the ventricular response during AF is not completely understood.
Which are the mechanisms that produces different populations of preferential
RR intervals? Which is the role of the atrial fibrillatory process in the ventricular
response? or How the dual AV nodal pathway physiology affects the ventricular
response during AF? These are some of the questions that were in the basis
of the motivation of the present thesis. During the development of the present
thesis different characteristics of the AV conduction have been investigated in
different species and with different techniques with the aim of throwing light
upon this intriguing structure of the heart.
1.2 Objectives
The goal of the present thesis is to help in the understanding of some of the
intriguing AV node mechanisms, since a deeper knowledge of the atrioventricular
behavior may be crucial for an appropriate treatment selection. Specifically,
we analyzed one of the most intriguing behaviors of the ventricular response
patterns during AF; when constructing RR-interval histograms obtained from
Holter recordings with persistent AF, uni-, bi-, or multimodal RR distribution
patterns can be found. These predominant RR intervals have been suggested in
the literature to be multiples of the refractory period of the AV node or caused by
the existence of a dual AV node physiology. However, during the development of
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this thesis some results incompatible with these theories have been presented,
therefore we present and defend a novel hypothesis suggesting that
predominant RR intervals are related to the atrial fibrillatory process.
In order to validate this hypothesis we have used two main approaches, one to
confirm empirically our assumptions by using real human clinical recordings
and another to validate those assumptions by using mathematical models of the
atrial fibrillatory process and the atrioventricular conduction.
The aim of this dissertation is to evaluate the role of the atrial
fibrillatory process and the atrioventricular conduction mechanisms
in the ventricular response during AF. In order to achieve this main
objective different sub-objectives were established:
• Development of a methodology for the characterization of the ventricular
response during atrial fibrillation.
In order to achieve this objective, 24-hour Holter ECG recordings will
be obtained. These recordings will be used to analyze the ventricular
response pattern during AF. Novel non-linear signal processing tool will be
presented and evaluated to characterize the ventricular response pattern
of each specific patient and its time evolution.
• Evaluation of the role of the atrial fibrillatory activity in the ventricular
response during AF.
With this aim, two approaches will be used: 1) In the first, 24-hour
Holter ECG will be analyzed by means of the new methodology
developed for the identification of the ventricular response pattern. Most
probable ventricular activation intervals will be compared with the mean
atrial rate extracted from the surface ECG. A possible statistical
relationship between the mean atrial rate and the duration of
predominant RR intervals will be tested. 2) In the second approach,
intracardiac recordings from the right and left atrium during AF will be
used to present a methodology to generate synthetic Atrial to Atrial
interval series with realistic statistical moments. Different synthetic AA
interval series generated with this methodology will be applied in a
functional model of the atrioventricular node to evaluate the role of the
atrial fibrillatory activity.
• Evaluation of the role of the dual AV nodal physiology in the ventricular
response during AF.
In order to accomplish this objective, we will present a novel
mathematical model of atrioventricular conduction that incorporates
dual AV nodal pathway physiology. Experiments performed on 5 rabbit
atrial-AV nodal preparations will be used to develop and test the
presented model. The ability to predict AV conduction time and the
interaction between FP and SP wavefronts will be analyzed during
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regular and irregular atrial rhythms (e.g., atrial fibrillation). This model
will allow us to evaluate the role that each AV node pathway plays in the
ventricular response pattern during AF. The presented model will be also
used to explain some of the unclear mechanisms of the AV node as the
typical and atypical Wenckebach periodicity or the concealed conduction.
1.3 Structure of the thesis
This thesis is structured in the following chapters:
Chapter 2: State of the art: This is a review chapter that reflects the
state of the art in the different disciplines that are involved in this work.
Current knowledge of the atrioventricular conduction and mechanisms
underlaying AF are summarized in this chapter. In added, signal
processing methods employed in the literature for the characterization of
the ventricular response during AF are summarized. Finally, a short
description of the different mathematical models of the atrioventricular
conduction presented in the literature is included.
Chapter 3: Poincaré Surface Profiles of RR intervals: In this chapter
we present a novel methodology for the characterization of the ventricular
response pattern during AF. Specifically, Poincaré Surface Profiles are
described and compared with the classical histogram for the identification
of more than one preferential RR interval population during AF.
Chapter 4: Role of the Atrial Rate: In this chapter the role of the atrial
activation rate plays in the ventricular response during AF is evaluated
using human surface recordings. It is illustrated how the position of
predominant RR intervals has been shown to be correlated with
multiples of the dominant atrial cycle length.
Chapter 5: Realistic Generation of Atrial to Atrial Interval: In this
chapter, a novel methodology for the generation of realistic AA interval
series during AF is proposed. The generated synthetic AA series are
compared with real AA interval series recorded during
electrophysiological studies. In added, the role of the AA interval series
characteristics in the ventricular response is evaluated.
Chapter 6: Functional Mathematical Model of Dual Pathway AV
nodal Conductions: In this chapter, a novel functional model of the
AV node that includes the dual pathway AV node physiology based on
experimental data is presented. The inclusion of fast pathway (FP) and
slow pathway (SP) conduction properties not only provided an excellent
fit to the experimental database, but also helped to elucidate complex and
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still poorly understood peculiarities of conduction through the AV node
during arrhythmias.
Chapter 7: Discussion and conclusions: The contributions of this work
are discussed in detail in this chapter, emphasizing the most relevant
advances, but also their limitations. The fulfilment degree of the
objectives established in the previous section is also analyzed in this
chapter. Finally, some guides for future work are provided to overcome
the limitations of this thesis and to extract the maximum profit from it.
Chapter 8: Contributions: The main scientific contributions derived from
the work developed in this dissertation are listed in this section. The
scientific framework in which this work has been involved is also described,
including related research projects and international collaborations.

Chapter 2
State of the art
2.1 Introduction to Electrocardiography
2.2 Ventricular Response during Atrial Fibrillation
2.3 Mathematical Modeling of Atrio-ventricular Conduction
In this chapter the main areas that are covered in this dissertation are
explained, providing a sufficient background of the main concepts that are
involved in the following chapters.
Fundamental concepts about heart electrophysiology and specifically the
atrioventricular conduction are described. In addition, current knowledge of
the pathophysiology of atrial fibrillation is summarized in this chapter
together with some unresolved issues which are tightly related with the
content of this thesis.
The most relevant techniques that have been proposed in the literature for
the characterization of the ventricular response during atrial fibrillation are
described. These techniques include the analysis of RR interval series by means
of non-linear signal processing methods such as the histogram, the heart-rate
stratified histogram and the Poincaré plot.
Finally, a brief review of all the mathematical models that have been
presented in the literature to reproduce the mechanisms and behaviors of the
AV node has been included in the present chapter.
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2.1 Introduction to Electrophysiology
2.1.1 The Heart
The heart is a muscular organ that lies in the center of the thoracic cavity whose
primary function is to pump blood throughout the body by repeated, rhythmic
contractions.
The heart is composed mostly of cardiac muscle called myocardium. It is
divided by a central wall, or septum, into left and right halves. Each half
consists of an atrium, which receives blood returning to the heart from the
blood vessels, and a ventricle which pumps blood out into the blood vessels.
The right side of the heart receives blood from the tissues and sends it to the
lungs for oxygenation. The left side of the heart receives newly oxygenated
blood from the lungs and pumps it to tissues throughout the body. Although
blood flow in the left and right side of the heart is separated, the two sides of the
heart contract in a coordinated fashion: first the atria contract together, then
the ventricles contract. The heart has four valves: between the right atrium
and ventricle lies the tricuspid valve, and between the left atrium and ventricle
is the mitral valve. The pulmonary valve lies between the right ventricle and
the pulmonary artery, while the aortic valve lies in the outflow tract of the left
ventricle. Anatomy of the heart, valves and vessels is depicted in Figure 2.1.
Figure 2.1: Anatomy of the heart, valves and vessels [6].
The rhythmic contractions of the heart depend on an electrical system
which conducts electrical impulses along its conduction pathway. The marker
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of electrical stimulation, the action potential, is created by a sequence of ion
fluxes through specific channels in the membrane of myocardial cells. If we
were able to measure the intracellular potential with a voltmeter, the cathode
measuring the potential inside the cell and the anode measuring outside, it
could be observed that during a non-activity period the membrane voltage
would remain constant around -80mV. In this state it is said that the cell is
polarized, this is to say that the cell is at its resting potential. When a
muscular cell is stimulated its membrane potential necessarily changes (there
exists ion flow through the ionic channels of the membrane), characterized by
a decrease in the normally negative resting voltage (depolarization) which
triggers the activity of the cell, i.e. the contraction. After stimulation the
membrane voltage returns to its original value (repolarization).
The impulse conducting system (Figure 2.2) consists of specialized cells
that initiate the heart beat and electrically coordinate contractions of the
heart chambers. The initiation of a cardiac cycle occurs in a small mass of
specialized cells located in the wall of the right atrium with the ability to
spontaneously depolarize and generate an action potential. This small mass of
cells with pacemaker properties is called the sinoatrial (SA) node. Electrical
impulses then spread rapidly through the internodal tracts that connect the
SA node to the atrioventricular (AV) node, a group of autorhythmic cells near
the floor of the right atrium. From the AV node, electrical impulses move into
the bundle of His, which perforates the interventricular septum posteriorly.
Within the septum, the bundle of His bifurcates into the left and right
bundles. Finally, Purkinje fibers transmit the electrical impulses to the
ventricular muscle. For a more detailed description of the anatomy and
function of the heart see [7, 8].
Figure 2.2: Intrinsic conduction system of the heart
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2.1.2 The Atrio-Ventricular Node
The atrioventricular node (AV) node is that part of the heart known to
electrophysiologist as the specialized atrioventricular junction area. The
inherent function of the AV node is to delay the cardiac impulse. Although it
has been more than 100 years since Tawara [1] described the anatomic location
and the morphologic structure of the AV node, the node has been the source
of a remarkable number of controversies. Recently, several extensive reviews
have been published trying to address what we know and do not know about
the AV node [9, 10, 11, 12, 13, 14, 15, 16] (to mention just a few).
The AV describes a compact spindle-shaped network of cells arranged in a
node connected to the His bundle, both being responsible for the only
physiological atrioventricular axis of conduction. The AV node is found at the
base of the atrial septum at the apex of a triangular area first illustrated by
Koch [17]. This triangle is situated on the endocardial surface of the right
atrium, is bordered anteriorly by the insertion of the septal leaflet of the
tricuspid valve, and posteriorly by a fibrous tendon known as the tendon of
Todaro (Fig. 2.3). This tendon is the fibrous subendocardial continuation of
the Eustachian valve, and inserts into the atrial musculature separating the
orifice of the coronary sinus from the fossa ovale. The apex of this triangle is
formed superiorly by the junction of the anterior and posterior borders
mentioned above, corresponding to the central fibrous body of the heart. The
base of the triangle is formed by the orifice of the coronary sinus together with
the vestibule of the right atrium supporting the septal leaflet of the tricuspid
valve. This base is known to electrophysiologists as the septal isthmus [14].
Precise borders of the AV node cannot be determined. Thus, the general
region of the triangle of Koch contains multilayered and very complex
morphological structures that anatomically and functionally form a continuum
between the atrium and the bundle of His. Although different authors usually
use a different nomenclature, the AV junctional area is most frequently
described as encompassing transitional cells, specialized nodal cells (AV node),
lower nodal cells, and the penetrating AV bundle (bundle of His).
The term ”transitional cells” is used broadly to describe the approaches
from the working atrial myocardium to the AV node. It should be stressed
that even though the term transitional might imply incorrectly that the region
is outside the AV node, its functional importance for the impulse transmission
should not be overestimated. The ”typical” AV nodal cells comprise the so-
called midnodal, or compact node region. These are the cells forming a dense
discoid-shaped network for which Tawara coined the term ”Knoted” (meaning
”node”), frequently used for description of the entire region. In addition to
being closely packed together (”compact”), the midnodal cells are typically the
smallest, have random orientation [18] and contain few nexuses [19]. Lower
nodal cells start property as this bundle of small cells that make scarce contacts
with transitional cells. In the lower nodal bundle, the cells are longer and
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Figure 2.3: Anatomy of the triangle of Koch. The heart has been positioned
in attitudinally appropriate orientation, and the right atrium opened through a
window in the appendage. The septal surface of the atrium is located posteriorly,
and the apex of the triangle of Koch (dotted lines) points upwards. The
important atrial landmarks are shown. [11].
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arranged more parallel to one another than in the compact node [15]. Closer
to the compact node one can recognize larger individual bundles separated by
fibrous tissue, and as the lower cells progress even more distally they form,
without any sharp boundary, the penetrating AV bundle.
In the literature, based on the functionally and on the action potential
morphology, several different AV node cell types have been defined including
(A) atrial cells, (N) nodal cells and (H) Hiss cells, as well as intermediate cells
types such as AN, NH, and other types [20, 21]. In general, the AN action
potential morphology come from the cells in the transitional region and, as the
name suggests, their action potentials are intermediate between the atrial cells
and the nodal cells. The N cells, allegedly the ”most typical” of the nodal
cells, have slow rising and longer action potential. The NH cells are closer in
appearance to the fast rising and long action potential of the His bundle [21].
Notice that there is no strict correspondence between these cellular types and
the specific areas from which the action potential morphology are recorded, in
fact, although the proportion of each cell types changes with the location, all
of them seem to be present in all regions of the AV junction [22]. Additionally,
some of these cells within the AV node can demonstrate triggered and
automatic pacemaker activity.
2.1.3 The Dual AV Nodal Physiology
Moe et al. provided evidence for what they described as a dual-conduction
atrioventricular conduction system in the hearts of dogs and rabbits [23]. This
concept was soon applied to the human heart [24]. A simplified definition of the
dual-AV node electrophysiology assumes that more than one wavefront exist at
a given time in the triangle of Koch. Each one of these wavefronts may present
different conduction properties (i.e. conduction velocity and refractory period).
Gordon Moe et al. [23, 25] established that depending on the time from the
last AV node activation (i.e. the coupling interval between 2 subsequent atrial
impulses) the propagating wavefront may have different spatial and functional
properties.
Let us assume that 2 functional pathways, α and β are formed between the
atrium and the bundle of His. They meet at some point and proceed after that
as a final common pathway. During anterograde propagation (from atria to the
ventricule) the cardiac impulse has the opportunity to proceed via any of the
pathways. However, for the normal sinus beats (or beats with long preceding
coupling intervals) the pathway β provides a shorter, preferential route; thus a
fast-pathway conduction takes place. The situation changes drastically when an
impulse with short coupling interval occurs. For such a beat the β pathway may
be functionally blocked. In other words its refractory period is longer than the
AA interval. The atrial beat now proceeds via the α-pathway all the way down
to the bundle of His. What we have just explained is the classical manifestation
of dual AV nodal electrophysiology. The way in which these pathways interact
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during fast and irregular atrial rates such as atrial flutter and atrial fibrillation
remains not well understood. The efforts taken during the development of the
present thesis to clarify this issue are summarized in chapter 6.
Although the described functional nature of the dual AV nodal conduction
systems appears to be self-evident, the anatomic substrate has remained much
more elusive. The reader is referred to an excellent review which tries to
addresses several misunderstoods on the concept of the duality of the nodal
electrophysiology [16]. Anatomically the atrio-nodal transition has been
described to encompass at least two characteristic approaches. [26]. One of
them, the inferior approach, is formed as a continuation of the crista
terminalis and the isthmus between the ostium of the coronary sinus and the
septal leaflet of the tricuspid valve. The second, the superior approach,
provides the connection with the interatrial septum. However, in view of the
fact that these approaches have never been found to represent specialized and
insulated conduction tracks [27], this morphological classification does not
imply that two morphological pathways lead from the atrium into the AV
node [28]. Therefore, the concept of the dual pathway AV nodal
electrophysiology should be understood as a functional concept as described in
electrophysiological studies.
2.1.4 Atrial Fibrillation
Atrial fibrillation (AF) is a supraventricular arrhythmia in which the electrical
activation in the atria shows an uncoordinated pattern. This chaotic electrical
activity results in a loss of effective contraction of the atria which is reflected
on the surface ECG by a lost of the P wave that appears during sinus rhythm
and the presence of AF waves (see Figure 2.4).
Normally, the heart rate is controlled by the SA node and adapts to body’s
needs in a range of 60 beats per minute at rest to 200 beats per minute at peak
exercise. During AF, atrial cells fire at rates of 300 to 600 beats per minute.
If each atrial impulse were conducted to the ventricles, such a rapid ventricular
rate would result in a loss of the effective contraction of the ventricles and a rapid
death. This is prevented by the filtering function of the AV node allowing only
a part of the impulses to reach the ventricles. As a consequence of the irregular
electrical activity of the atria and the effect of the AV node, the ventricular rate
is also irregular (see Figure 2.4).
The mechanisms underlaying development and maintenance of AF are still
not well understood. During the twentieth century different theories about the
origin of AF coexisted: existence of a rapidly discharging atrial ectopic foci
(Figure 2.5a), by a single reentry circuit (Figure 2.5b) or by multiple functional
reentrant circuits (Figure 2.5c). For both the rapid focal and single reentrant
circuit theories, irregularity is presumed to result from interactions between
wavefronts produced by the main generator while for the multiple circuit reentry
irregularity is a consequence of the primary arrhythmia mechanism [29].
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Figure 2.4: ECG tracings during sinus rhythm and atrial fibrillation
Figure 2.5: Conceptual models of atrial fibrillation. (a) ectopic foci, (b) single
reentrant circuits and (c) multiple reentrant circuits [29]
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Recent observations on the initiation of AF from the area of the pulmonary
veins [30] and optical mapping studies that found mother rotors and
fibrillatory conduction as the mechanism underlying perpetuation of AF [31]
suggest that a complex mechanism in which ectopic activity, single circuit
reentry and wavefront fractionation may all be involved.
A better understanding of a number of processes collectively referred to as
atrial remodeling has added to the complexity of the pathophysiology of AF
[32]. Remodeling is the name given to the alteration of several properties in the
atria as a consequence of AF that favors the easy of inducing and maintaining
the arrhythmia [29]. Remodeling can be subdivided into electric, contractile and
structural. Electrical remodeling refers to the alteration of electrophysiological
properties in the atria that result in the shortening of atrial refractoriness. It
develops within the first days of AF and contributes to an increase in stability of
AF. Contractile remodeling refers to a loss of contractility in myocardial muscle
that persists after the restoration of sinus rhythm. Atrial structural remodeling
is associated to atrial fibrosis which occurs when AF is perpetuated during long
periods of time. One of the main reasons to make distinction among types
of remodeling is that the first two types of remodeling seem to be reversible,
whereas the last is less so [33].
Clinicians distinguish three basic types of atrial fibrillation: paroxysmal,
persistent and permanent [4]. Paroxysmal AF is characterized by AF episodes
that initiate and terminate spontaneously. In this type of AF triggered
activity appears to be the dominant factor and thus elimination of the trigger
is expected to terminate the arrythmia. Persistent AF requires an intervention
for termination to occur. In this type of AF, electrical remodeling is present
while none or little structural remodeling exists and thus this form of AF is
reversible. Permanent AF is characterized by extensive fibrosis in the atria
that makes impossible to restore sinus rhythm despite aggressive therapy.
2.1.5 Epidemiology
Atrial fibrillation is the most common sustained arrhythmia, affecting an
estimated 2.3 million adults in the United States [34]. The prevalence of atrial
fibrillation increases markedly with age in older adults, from < 1 per cent in
adults younger than 55 to 10 per cent in adults older than 80 years.
Projections are that by the year 2025, 3.3 million adults in the United States
will have atrial fibrillation, with > 35 per cent of affected persons 80 years or
older.
In most patients, AF is associated with some other cardiac or non-cardiac
process including hypertension, congestive heart failure, diabetes and previous
myocardial infarction. However, some patients seem to have AF as their only
diagnosis. In those patients genetic factors may be important [35], although
genetic linkage has only been reported in a small part of the population with
AF.
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Hospitalizations for atrial fibrillation as the principle diagnosis increased
from 154.086 in 1985 to 376.487 in 1999 in the United States. In the same
period, hospitalizations for atrial fibrillation as a secondary diagnosis increased
from 787.750 to 2.283.673. In-hospital mortality among patients with a principle
diagnosis of atrial fibrillation was < 1 per cent in patients 35 to 74 years of age,
1.5 per cent in those 75 to 84 years of age and 3 per cent in patients 85 years
or older [34].
2.1.6 Treatment of Atrial Fibrillation
Currently there are two broad strategic treatment options for AF: rhythm
control and rate control [4]. For rhythm control, the treatment is directed
toward restoring and maintaining sinus rhythm. The rhythm control strategy
includes pharmacological treatments, as well as curative interventions such as
the ablation of atrial regions responsible of the arrhythmia [30, 36] or a more
radical surgical maze procedure [37]. The rhythm control will not be discussed
in this thesis since it is not related with the main topic of the thesis: the
atrioventricular conduction. Readers are invited to read some excellent
reviewers where this topic is addressed [4].
For rate control, the intention is to slow ventricular rate while allowing AF
to continue. Since the AV node is the only normal structure responsible for
the conduction of atrial impulses to the ventricles, until now the strategy of
rate control during AF essentially deals with efforts to utilize and adjust the
filtering properties of the node [3]. This modification of the AV node conduction
properties can be either non-destructive, or can use ablative techniques.
The basic electrophysiological properties of the atrioventricular
transmission suggest that such modifications can include anatomic alterations
of the atrionodal communications, medications that depress the impulse
transmission within the AV node, as well as autonomic manipulations that
produce negative dromotropic effect.
Pharmacological modification of the AV node for rate control
Drug therapy is the most common approach for rate control. A variety of
drugs producing negative dromotropic effect through different mechanisms can
be used for this purpose. Clinically best recognized are the calcium-channel
antagonists, the β-blockers, and the digitalis drugs. Mechanistically all three
group of drugs affect, through different ways, the slow calcium influx in the
AV node cells. The choice of drugs should be based on the patient’s clinical
assessment, evaluation of underlying heart disease and drug contraindications
[4].
AV node ablation and ventricular pacing
AV node ablation is currently used as an alternative to control ventricular
rate in patients in whom drug therapy is ineffective or drugs are not well
tolerated due to side effects [38].
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Since the AV node is the only normal route conducting atrial fibrillatory
excitation to the ventricles, one radical solution is to ablate the AV junction and
produce a permanent AV block. This requires the implantation of a ventricular
pacemaker with all the associated problems and risks [3]
Modification of AV node by partial ablation
Early observations [39] in patients with Wolf-Parkinson-White (WPW)
syndrome and AF revealed a bimodal pattern of RR histogram. One RR
population was made up of the RR intervals with wide QRS representing
ventricular activation through the accessory pathway. The other population of
RR intervals corresponded to the intervals preceding narrow QRS complexes,
i.e., beats conducted through the AV node. These observations were extended
later to patients without accessory pathways, on the assumption that if dual
pathways existed then RR intervals resulting from conduction via the FP and
SP should have different distribution due to the different pathway’s conduction
properties [40].
By using the bimodal distribution existence as guidance, several studies
have reported the effects of SP pathway ablation [41, 42, 43]. Despite the
attractiveness of this phenomenon, the bimodal RR interval distribution
analysis does not provide full accuracy, and unimodal histogram pattern may
still be associated with dual AV node pathways [41]. Therefore, while AV node
modification should be expected in general to alter the distribution of the
ventricular RR intervals, it remains difficult to associate particular points in
the histogram distribution with beats propagated via the FP or SP during AF.
Recently, a novel index of dual pathway electrophysiology has been
introduced, termed ”His electrogram alternans (HEA)”. In rabbit heart
experiments it was shown that this index could be used to determine on a
beat-by-beat basis during AF the AV node conduction pattern (i.e. though FP
or SP) [44, 45, 46]. Specifically, a low amplitude inferior bundle of His
electrogram (IHE) was associated with FP conduction, while high-amplitude
IHE indicates SP conduction. This index was validated during programmed
electrical stimulation (e.g. generation of AV node conduction curve), as well as
during atrial arrhythmia [44, 45, 46].
In figure 2.6 an example of high-low IHE alternans recorded during
experimental AF in rabbit heart preparation [44, 45, 46]. Successful SP
modification prolonged the AV node ERP without changing the basic AV node
conduction time, which is consistent with clinical SP ablation [3]. More
importantly however, ablation in the SP domain completely eliminated the
SP-component of AV conduction during AF, as objectively indicated by the
removal of all high amplitude IHE (Fig. 2.6B). Predictably, this also resulted
in a significant slowing of ventricular rate.
Since the HE alternans existed in all examined preparations, it provides
strong evidence that dual pathway AV node electrophysiology is the normal
feature of the AV conduction during AF. In particular, the index of HE alternans
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Figure 2.6: An example of high and low amplitude inferior His electrogram
alternans recorded during experimental AF in a rabbit preparation before AV
nodal modification. The His-spikes with low amplitudes (stars) indicate fast
pathway conduction. (Panel B) After successful slow pathway modification, all
high amplitude His spikes are eliminated, and the low amplitude IHE (stars)
indicate exclusive fast pathway conduction during AF. Note that this also
resulted in a significant slowing of ventricular rate [45].
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detected SP and FP propagation even when the RR histograms exhibited only
a single peak [47].
This novel index will be used in chapter 6 of the present thesis in order to
model the atrioventricular conduction during AF incorporating for the first time
the dual AV nodal physiology.
2.2 Analysis of the Ventricular Response during
Atrial Fibrillation
During AF, the sinus node loses its pacemaker function, thus resulting in rapid
and random atrial impulses. These fibrillatory impulses continuously bombard
and penetrate the atrioventricular node to varying degrees, creating a notable
variability on the AV nodal refractoriness [48] and in the ventricular response.
This irregular ventricular response is often described as chaotic and without
any form of patterning, nevertheless previous studies have shown that this
process is not completely random [49]. Ventricular response during AF shows
preferential conductions and different degrees of short time predictability [50].
Since the AV node is the structure responsible for the conduction of atrial
impulses to the ventricle, the ventricular response during AF is mainly
governed by the propagation properties of the node [3]. However, AV
conduction mechanisms are not completely understood and, in particular, the
role of the AV node physiology and the rate and irregularity of the atrial
fibrillatory waves are still unknown. In the literature, characteristics of AV
conduction have been investigated in different species and with different
techniques [51]. In fact, signal processing tools are playing a relevant role for a
deeper understanding of AF mechanisms and for quantifying AF patterns and
properties [49, 51]. In this section a short summarizing of non-linear signal
processing methods used in the literature to evaluate the ventricular response
are described. These methodologies will be applied during the development of
the present thesis. A more in detail description of ventricular response signal
processing tools including time-domain and spectral analysis methods could be
found in [51].
Virtually in every patient with AF, standard 12-lead surface
electrocardiograms (ECG) and/or Holter recordings are acquired, the main
purposes being confirmation of arrhythmia presence and determination of
ventricular rate. These long recordings are used for the evaluation of the AV
node conduction characteristics and to adjust the rate control strategy in each
specific patient [51, 3].
AV conduction properties can be evaluated by constructing histograms
obtained from Holter recordings of patients with paroxysmal or persistent AF.
In fact, RR histograms during AF may evidence uni-, bi-, or multimodal RR
distribution patterns [3, 49, 40, 43, 42] which may indicate specific AV
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conduction mechanisms and may influence the most appropriate treatment
[52]. In added, RR interval Histograms can be used to extract
electrophysiological characteristics such as functional refractory period (FRP)
noninvasively [51, 53].
As commented, RR histograms represent distribution of single intervals
and are useful for a first evaluation of the ventricular response during AF but
give no information about the sequence of intervals, i.e. the regularity of the
ventricular rhythm. In a Poincaré plot, each RR interval is plotted versus the
preceding one [54, 55, 56]; it should be noted that this type of plot is also
referred to as the Lorenz plot. It allows a beat-to-beat approach of HRV
detecting pattern resulting from non linear processes and it was presented as a
clinically useful tool for the study of AV nodal characteristics in AF. In fact,
the pattern of such a plot can be inspected in order to distinguish AF form
other supraventricular tachycardias such as atrial flutter where ventricular
response is not as irregular as in AF. As shown in Fig. 2.7. During sinus
rhythm (SR), successive RR intervals are centered around the main diagonal
forming an ellipsoid-like pattern, and each RR interval is strongly dependent
on the preceding RR interval. Atrial flutter is characterized by organized atrial
dysfunction and occurs when an abnormal macroreentrant conduction circuit
develops inside the atria, with an activation rate of 250-300 bpm. The AV
node conducts a periodic number of these activations which become visible as
clusters in the Poincaré plot; see Fig. 2.7b [52]. During AF, the irregularity of
RR intervals results in a widely scattered distribution (Fig 2.7c) which is
representative of disorganized atrial activity combined with atrioventricular






































Figure 2.7: Poincaré plots of 24-hour recordings of different patients, during:
(a) sinus rhythm, (b) atrial flutter and (c) AF.
By applying Poincaré plot analysis to 24-h Holter recordings of 48 patients
with chronic AF, it was suggested that both AV node refractoriness and the
degree of concealed AV conduction during AF may show a circadian rhythm,
but that these circadian rhythms may be attenuated in patients with heart
failure [59]. These findings point to the possibility of obtaining information
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concerning altered autonomic control of the RR intervals in patients with AF
(and even for heart failure or other disease) with this simple technique.
In added, patients with AF and multimodal histograms would exhibit
double sector shapes or superimposed scattergrams in the Poincaré plot [60].
These shapes have been evaluated by means of Poincaré plots combined with
histographic information [52]. By adding the number of occurrences of
RR-interval pairs, a histographic Poincaré plot can be constructed. Presented
by van den Berg et al., a bidimensional histographic plot was developed to
identify possible clustering of RR intervals [52]. Each point of the histographic
Poincaré plot is associated with the number of occurrences of RR interval
pairs given by the coordinates (RRn−1, RRn). Representing the point by gray
scale according to the number of the RR occurrences, different clusters can be













































































Figure 2.8: 24 hours RR interval histogram (a,d), Poincaré plot (b,e) and
histographic Poincaré plot (c,f) of RR interval series of two patients. Patient
1 (panels a,b and c) presents unimodal RR histogram. Patient 2 (panels d,e
and f) presents bimodal RR histogram. The histographic information of the
Poincaré plot allows the visualization of different number of clusters.
Several considerations should be done about the interpretations of the
clusters on the Poincaré plot. Different authors have suggested that the
presence of bimodal RR histograms or clusters in the Poincaré plot indicates a
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dual AV nodal physiology [40, 60, 41]. However, the study of RR interval
series with the Poincaré analysis does not provide direct evidence of the dual
pathways [60, 41]. It is unclear whether the two pathway properties can be
evaluated from the two distributions of the Poincaré plot and the role of the
second pathway in the conduction curve needs to be clarified [3, 47, 44, 45, 46].
In fact, during the development of the current thesis we have attempted to
clarify which are the mechanisms producing the existence of more than one
RR interval distribution and the relation between the dual AV nodal pathway
physiology and the ventricular response pattern during AF.
Summarizing, the analysis of the Poincaré plot may be useful for evaluating
drug effects and AV node modifications on the ventricular response, even if
connection between different pathways and RR interval distributions has not
been understood yet. In fact, by means of visual inspection of the histographic
Poincaré plots, van der Berg et al. found clustering of RR interval series in
31 (47%) of the 66 patients under study [52]. Moreover, in patients whose
RR intervals were clustered, electrical cardioversion resulted more effective in
restoring SR, and also, those patients had a higher likelihood of remaining in
SR than their counterparts without well-defined clusters. It was speculated
that RR-interval clustering represents a relatively high degree of organization
of atrial fibrillatory activity. In the present thesis an in deep evaluation of the
potential of Poincaré plots will be described and applied to clarify the role of
the atrial fibrillatory activity in the ventricular response.
2.3 Mathematical Modeling of Atrio-ventricular
Conduction Time
Mathematical models are a repository of knowledge as well as research and
teaching tools. Usually, mathematical models are used to explain some
behaviors and mechanisms which are not analyzable by means of experimental
models. This has been the case in electrophysiology and specifically in the
atrioventricular conduction. In fact, mathematical models have been
indispensable to clarify some of the characteristic feature of AV nodal
function. These include some characteristics present in other cardiac tissues
such as conduction slowing of single premature atrial impulses and variable
conduction responses to accelerations in rate and some of the specific
characteristic features of the AV node such as the Wenckebach periodicity and
the concealed conduction:
Wenckebach periodicity is characterized by a conduction pattern where AV
nodal conduction time progressively increases from beat to beat until block
occurs Fig. 2.9 [61].
Concealed conduction is the effect that produces an atrial beat that fails
to get through the His bundle but that partially penetrates in the AV node









Figure 2.9: Wenckebach Periodicity. A conduction pattern where AV nodal
conduction time progressively increases from beat to beat until block occurs.
and consequently alters the AV conduction time at which a subsequent atrial
impulse is conducted [62].
We can find in the literature several mathematical models that attempt to
reflect some of these characteristics of the AV node from different perspectives
and main objectives: 1) modeling of AV time, 2) modeling of RR interval series
and 3) modeling of AV node cells and anatomical structures.
2.3.1 Models of the AV time
One of the first attempts to model the atrioventicular conduction time was done
by Decherd et al. [61]. In that work, Decherd attempted to unmask the role of
the AV node in the Wenckebach periodicity. First atrioventricular conduction
curves, or recovery conduction curves were plotted and used to estimate the AV
conduction time. These diagrams represent the A-V conduction time against
the preceding V-A interval or the A-A interval. In this preliminary work, the
exponential behavior of these curves was suggested, although the AV conduction
analysis was based on graphical interpretations.
Some years later, Moe and Abildskov [63], presented a deep analysis of the
ventricular response pattern during atrial arrhythmias. In that work, the
phenomenon of the concealed conduction, or the effect of non conducted beats
in subsequent beats was analyzed in several dog experiments. This descriptive
work was the basis of one of the more extensive models presented nine years
later by Heethaar et al. [64, 65]. In this work, experiments performed on rats
were used to validate the model that, to our knowledge, was the first study in
which the AV conduction time was estimated by means an exponential
equation formulation [64].
AHn = A + B · exp(−λ ·An−1An) (2.1)
where AHn is the atria to His conduction time (e.g. atrioventricular
conduction time) of an atrial beat n, An−1An is the time between the last two
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atrial activations and A,B and λ are constants.
The mathematical formulation presented in equation 2.1 has been widely
used as the basis for later works [66, 67, 68, 69, 70, 71, 72, 73, 74]. Although, in
some other works, the usefulness of hyperbolic or pseudo-linear approximations
has also been suggested [75, 76]. Usually constants of different mathematical
models are fitted from a family of atrioventricular conduction curves like that
illustrated in Fig. 2.10.
AV nodal conduction curves































Figure 2.10: Family of AV node conductio curves. Schematic presentation of
atrial and ventricular activation periods and the atrioventricular conduction
time.
A detailed analysis of all these works may be too extensive. However, some
comments on the most influential ones may be helpful to understand the
subsequent development of the present thesis. From our point of view,
together with the Heethaar et al. [64, 65] model, the model presented in 1991
by Talajic et al. [70] incorporates with high accuracy some of the specific
characteristic features of the AV node such as the Wenckebach periodicity and
the concealed conduction [65, 70]. Both phenomena, the Wenckebach
periodicity and the concealed conduction play an important role in the AV
conduction time during supraventricular arrhythmias. However, although a
large number of authors have attempt to explain them in detail, specific
mechanisms that produce both, Wenckebach periodicity and concealed
conduction, has not been precisely elucidated. Nevertheless, the incorporation
of both phenomena has been necessary for a precise estimation of the AV
conduction time both in experimental models [70] and in human recordings
[72, 73].
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2.3.2 Models of the RR interval series
Modeling of RR interval series is a different approach for studying the
ventricular response during AF. The main objective of these works was not to
estimate the predicability of its models compared with real experiments.
Rather than that, these models are useful to generate RR interval series with
similar statistical parameters than those obtained in patients during AF. One
of the most influential papers in this research line was presented in 1983 by
Cohen et al. [67]. In this case, and in some more recent publications following
the same approach [74, 77, 78, 79], authors used Poisson processes to simulate
atrial activity during AF and, by using their models, estimate the ventricular
response pattern.
One of the most relevant advances to which this research line has contributed
is the incorporation of the retrograde ventricle-to-atrial activation. In recent
studies by Lian et al.[74, 77, 78, 79], authors illustrated the possibilities of
ventricular pacing therapy as a rate control strategy during AF [3].
2.3.3 Models of AV node cells and anatomical structures
In a parallel way to all mathematical models based on the so-called
atrioventricular conduction curve, some authors have attempted to estimate
the atrioventricular conduction time by means of the cellular modeling of
cardiac atrioventricular tissues based on Hodkin-Huxley [80] formulation
[81, 82, 83, 84, 85, 86, 87, 88, 89, 90]. However, most of these studies have been
based on ventricular myocyte models due to the lack of specific experiments on
ion-channels of AV nodal cells. In addition, the complex morphological
structures that anatomically and functionally form the atrioventricular tissues
have not been included yet in mathematical models due to the difficulties
associated with their analysis and characterization by means of current
histological and electrophysiological recording tools. However, recently, great
advances have been done in the structural [91, 92, 93] and electrical [94]
characterization of these structures at least in a rabbit model.
These novel studies will be very useful to unmask this slick heart structure.
However, the main limitation of these detailed models is the large computer time
needed for their evaluation. Nowadays, computer capacity limits substantially
the possibility to analyze long time periods which may be of great interest for
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Conclusion
The ventricular response (VR) during atrial fibrillation (AF) presents
particular characteristics which may play a relevant role in the selection of the
most appropriate treatment. Using different ECG signal processing techniques
such as RR histogram analysis or histographic Poincaré plots (so-called 3-D
Poincaré plots), clusters of RR intervals due to preferential AV node
conduction can be observed. However, these methods are limited by the need
for visual inspection and subjective interpretation of analysis results.
The objective of this work was to develop a method to automatically detect
and quantify preferential clusters of RR intervals. This novel method, the
Poincaré Surface Profile (PSP) uses the information of histographic Poincaré
plots to filter part of the AV node memory effects. PSP detected all RR
populations present in RR interval histograms in 55 patients with persistent
AF; but also 67% additional RR populations. In addition, a reduction of beat
to beat dependencies allowed a more accurate location of RR populations.
This novel Poincaré plot based analysis also allows monitoring of short-term
variations of preferential conductions. We illustrate the capability of this short-
time monitoring technique to evaluate the effects of rate control drugs on each
preferential conduction.
1Chapter based on the manuscript: Andreu M. Climent, M. Salud Guillem, Daniela
Husser, Francisco Castells, Jose Millet and Andreas Bollmann. Poincaré Surface Profiles
of RR intervals. A Novel Noninvasive Method for the Evaluation of Preferential AV nodal
Conduction during Atrial Fibrillation. IEEE Trans Biomed Eng. 56(2):433-42. 2009
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3.1 Introduction
Atrial fibrillation (AF) is characterized by an unorganized electrical activity
of the atria. This is associated with irregular ventricular responses (VR) with
typically shorter RR intervals than during normal sinus rhythm [3].
Normally, in the clinical practice only mean ventricular rate and its
variability are used to describe VR and to evaluate treatment effects.
However, the VR during AF presents additional particular characteristics that
can be analyzed by different signal processing techniques [53, 49]. By
constructing histograms of RR intervals during AF, different populations of
more probable RR intervals can be found [95, 40, 41]. Additionally, different
clusters of RR interval sequences can be made visible in Poincaré plots
combined with histographic information [60, 52, 96].
Both methods, histograms and Poincaré plots, have shown their potential
usefulness in clinical decision-making [52, 97, 43, 98, 99, 42, 100]. For instance,
the presence of bimodal histograms has been shown to be associated with success
of atrio-ventricular (AV) node modification reducing mean RR interval (e.g.
ablation of the slow AV node pathway) [96, 43, 98]. Furthermore, clustering in
bidimensional histographic scattergrams (so-called 3D-plot, 3-D Poincaré plot
or 3-D Lorenz plot) has predicted the effectiveness of electrical cardioversion
[52]. Taken together, identification and quantification of preferential AV nodal
conductions may play an important role in choosing the appropriate treatment
for a given patient. However, AV nodal conduction mechanisms are poorly
understood and difficult to quantify in the clinical setting [3].
Current AF management guidelines mention that there are fundamentally
two ways to manage this rhythm disorder: to restore and maintain sinus rhythm
(SR) or to allow AF to continue and ensure that ventricular rate is controlled
[4] both of which seem to have similar outcomes [5]. The rate control strategy of
AF deals with efforts to utilize and adjust the propagation properties of the AV
node [3]. Nevertheless, treatment effects on the AV nodal conduction properties
and consequently VR are not easy to assess.
The objective of this work was to develop a method to automatically detect
preferential AV node conductions expressed as RR interval sequences both in
long- and short-term ECG recordings, and hence with the capability to monitor
short-term variations. Moreover, it was the aim to improve the sensitivity for
detecting different RR populations over existent techniques such as RR interval
histogram analysis.
In this work, novel techniques for automatic characterization of the VR
during AF, i.e. the Poincaré Surface and the Poincaré Surface Profile are
introduced. In addition, the ability of this technique to monitor short-term
variations of preferential conduction and to monitor rate control treatment is
illustrated.
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3.2 State of the Art
Ventricular rate during AF is analyzed by measuring and visualizing the time
between two ventricular activations (RR intervals). Only normally conducted
beats are used for further analysis, whereas wide QRS complexes and artifacts
are excluded. Current, related methods to analyze RR interval distributions
include (A) RR interval histograms, (B) Poincaré plots, (C) histographic
Poincaré plots [53], which are described below.
3.2.1 RR Interval Histograms
In long RR series the RR interval histogram can be regarded as an
approximation of the probability density function (pdf), where the parameter
corresponding to the RR interval is discretized in several RR interval
categories. Accordingly, the histogram represents the number of occurrences
given at each category. The maximum resolution that can be achieved is the
sampling interval, although a reliable histogram analysis would require in this
case long ECG recordings. Therefore, a compromise between the number of
RR intervals needed for the construction of RR histograms and accuracy in
RR interval estimation should be established in order to choose an appropriate
histogram resolution.
In order to reduce the statistical variability of the histogram due to the
limited series of RR intervals, histogram smoothing can be performed using a
low pass filter. As an example, a filtering technique based on applying repeatedly
a sliding average window has been proposed in [97]. A special form of analyzing
RR histograms by constructing RR interval histograms according to mean heart-
rate are the so-called heart rate stratified histograms (HRSH) [95, 40].
By constructing histograms of RR interval series during AF, uni-, bi-, or
multimodal RR distribution patterns can be found [40, 96, 43, 42, 100, 101].
It has been suggested that a bimodal RR interval distribution during chronic
AF is associated with the presence of dual AV nodal physiology. It predicts
a better outcome of radiofrequency (RF) ablation of the posterior atrionodal
input (slow pathway) [40, 100]. However, the bimodal RR interval distribution
analysis is not always related with the presence of dual AV nodal pathway
physiology, and a unimodal histogram pattern may still be associated with dual
AV nodal pathways [41, 47]. Nevertheless, modifications of the AV node in
patients presenting with bimodal RR interval distributions were more effective
in reducing the heart rate than in patients with an unimodal pattern [43, 98].
3.2.2 Poincaré Plots
In RR interval scattergrams, so-called Poincaré plots (PP) or Lorenz Plots, each
RR interval is presented in the vertical axes and the immediately preceding
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RR interval in the horizontal axis [54, 102, 58, 56]. In this representation the
Poincaré plot is set to 1 at each pair (RRn-1,RRn):
PSP (x, y) =
{
1 if ∃RRn−1 = x,RRn = y 2 ≤ n ≤ N
0 otherwise
(3.1)
where N is the total number of RR intervals. This representation produces
a scattergram of couples of RR intervals which allows the measurement of beat
to beat dependencies. Analogously to the histogram, the maximum resolution
of Poincaré plots corresponds to the sampling interval. An example of an RR
interval scattergram during AF is illustrated in Fig. 3.1.a.
3.2.3 Histographic Poincaré plot
In histographic Poincaré plots, so-called 3D-plots [52], the number of
occurrences of RR interval pairs at each pixel of the Poincaré plot is added as
the height in a third axis. The value of each pixel of the histographic Poincaré
plot is equal to the number of occurrences of RR interval pairs given by the
(x,y) coordinates of the pixel. If long ECG recordings are to be analyzed, a
high number of occurrences may be present at each pair (x,y), which are
disregarded in the Poincaré plot. The histographic Poincaré plot adds this
information, which can be useful to analyze the probability of occurrence of a
RR interval conditioned to the previous RR interval (Fig 3.1.b.).
In histographic Poincaré plots of patients with AF, clusters of more
probable RR intervals were observed [8]. This finding supports the hypothesis
that ventricular rhythm during AF may not be completely random. In this
study, electrical cardioversion was shown to be more successful in patients
whose histographic Poincaré plots were clustered, resulting in a higher rate of
restoration of sinus rate and higher likelihood of remaining in sinus rhythm
than their counterparts without well-defined clusters.
3.2.4 Detection of Preferential AV Node Conduction
Preferential AV node conduction is usually detected from the RR interval
histogram. As mentioned before, either unimodal or multimodal distributions
can be found during AF. The correct detection of preferential AV node
conduction can be useful to characterize and understand the response of the
AV node. However, there are situations where the analysis of the conventional
histogram can lead to wrong conclusions:
One situation that is necessarily to take into account is that a multimodal
histogram constructed from a long-time recording does not mean by itself that
different preferential AV conductions exist. In fact, two different situations can
result in a bimodal histogram: either (1) two clusters are present simultaneously
or (2) two clusters are present at different times, e.g. corresponding to resting
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and active periods with different heart rates. These two situations could be
distinguished by looking at the out of diagonal clusters of the Poincaré plot. The
detection of transition clusters outside the diagonal in the Poincaré plot may
indicate frequent transitions between more than one preferential atrioventricular
conduction intervals during a specific time under study.
Another important consideration for the analysis of preferential AV nodal
conduction by means of conventional RR histograms is that the AV node
presents significant beat to beat dependencies, which may distort the
measurements. In order to illustrate how the beat to beat dependencies of the
AV node may influence the analysis of the histogram, let us consider the
histographic Poincaré plot in Fig. 3.1.b.
Figure 3.1: In Panel (a), a Poincaré plot with RR intervals obtained during
24 hours is depicted. In panel (b), the same Poincaré plot is shown, but
the number of occurrences of RR pairs is color-coded. The darkest points
represent the highest number of occurrences. In panel (c), the Poincaré Surface
is illustrated, with white crosses indicating local maxima that are automatically
detected. From the dashed line (Panel (c)) the Poincaré Surface Profile (PSP)
is constructed that is illustrated in panel (d).
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In this patient, four RR interval populations have been identified: (1)
consecutive short RR intervals, (2) consecutive long RR intervals, (3) alternate
short and long RR intervals and (4) alternate long and short RR intervals. In
an RR interval histogram analysis a bimodal distribution would have been
represented. In addition, by observing the histographic Poincaré plot, a
displacement of the RR interval can be appreciated when a transition occurs.
In fact, when a short RR interval occurs after a long RR interval, it is slightly
longer in comparison to consecutive short RR intervals. Analogously, when a
long RR interval occurs after a short RR interval, it is slightly shorter in
comparison to consecutive long intervals. This memory property of the AV
node is reflected in the RR interval histogram, so that the clusters
corresponding to each of the preferential AV node conductions appear shifted
and closer to each other, which introduces the following problems: (1) errors in
the estimation of the RR intervals and (2) if the clusters become too close they
may be practically joined into a single cluster and it may be difficult to
identify a multimodal distribution.
In the following section we will present novel methods to overcome these
problems and enhance the detection of preferential AV node conductions. The
suggested techniques are fully automated, and therefore independent of visual
inspection and subjective data interpretation.
3.3 Methods
In this section different signal processing techniques are presented aimed at
the characterization of the histographic Poincaré plot. Section A describes
methods for cluster identification, such as definition of the number of clusters
or evaluation of the position and number of occurrences of RR interval pairs in
each cluster. In section B a method to detect preferential AV nodal
conductions is presented. This method, namely the Poincaré Surface Profile
(PSP), employs the histographic Poincaré plot to construct a filtered version of
the RR interval histogram where the RR intervals involved during a change in
the AV node response are disregarded. As a result, an RR interval distribution
more independent of the memory properties of the AV node is obtained, which
overcomes the limitations of conventional histogram analysis and allows a
more accurate and reliable detection of preferential RR interval. In section C
an application of the PSP for rate control monitoring treatment is described.
3.3.1 Poincaré Surface and Cluster Identification
The problem of the variability due to limited RR interval series presented in
section 3.2 is emphasized in the case of the histographic Poincaré plot. This
is a critical factor if a Poincaré plot is to be constructed from a small number
of RR intervals, since clusters can not always be easily identified. In order to
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emphasize clusters, reduce the variability and increase the accuracy in cluster
location, a two-dimensional low-pass filter can be applied to the histographic
Poincaré plot. This processing results in a smooth surface plot or Poincaré
Surface (PS). Due to the properties of the surface described by RR interval
populations during AF, which has been modeled as a bidimensional Gaussian
distribution [67], we propose a rotationally symmetric Gaussian lowpass filter









The PS is the result of filtering the histographic Poincaré plot with the two
dimensional filter h(τ1, τ2) . Fig. 3.1.b shows a histographic Poincaré Plot in
which an irregular surface with a high amount of local maxima can be observed.
After applying the Gaussian filter in (2) to the histographic Poincaré plot, a
smoother surface is obtained as depicted in Fig. 3.1.c.
Detection of clusters in the PS can be performed as follows: a local maximum
on the Poincaré surface is defined at the pair (xmax, ymax) if
PS(x, y) < PS(xmax, ymax), ‖(x− xmax), (y − ymax)‖ < ε (3.3)
where ε is a parameter that can be used to avoid the detection of neighbor
local maxima that indeed belong to the same cluster. Automatic detection of
clusters is illustrated in Fig. 3.1.c.
3.3.2 Poincaré Surface Profile
The PSP is defined as the diagonal of the Poincaré Surface:
PSP (x) = PS(x, x) (3.4)
This can be interpreted as filtering the RR interval histogram by considering
only RR intervals that were preceded by beats with approximately the same RR
interval and using bidimensional information of neighboring RR interval couples
thanks to the previous smoothing process. The PSP corresponding to the PS
in Fig. 3.1.c (dashed line) is depicted in Fig. 3.1.d.
An algorithm to identify significant peaks on the PSP can automatically
detect and characterize different RR populations on the PSP. A peak can be
considered as significant if it fulfils two criteria: (1) be a local maximum and (2)
have a higher amplitude than a defined threshold, e.g. an automatic threshold
can be computed as a percentage of the maximum amplitude. All peaks whose
number of occurrences is lower than this threshold are considered noise. Finally,
if two peaks are closer than a specific distance (ε) the peak with the lowest
amplitude is also discarded.
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Peaks detected in the PSP are labeled as 1, 2, 3, etc. according to the
position on the RR cluster in ascending order. In case that three peaks are
detected in the PSP the distance between peaks 2 and 1 (D2-1) and the distance
between peaks 3 and 2 (D3-2) are computed and compared.
3.3.3 Short Time Variations on the Ventricular Response
Short time variations in the ventricular response can be analyzed by computing
a 30-minute PSP every 15 minutes, with 50% overlapping (i.e. for a Holter
recording of 24 hours, 95 PSP from overlapping sequential segments can be
generated), so that the behavior of each cluster along the day can be monitored.
3.3.4 Statistical Analysis
Data are presented as mean +/- standard deviation. Pearson correlation
analysis was performed to analyze the possible association between peaks
obtained with the PSP. The paired Student’s t test was performed to compare
the position of peaks detected by PSP and the position of peaks detected by
the histogram.
Chi-square test was used to compare the number of peaks detected by the
PSP method with the number of peaks detected by the histogram. A p value
< 0.05 was considered statistically significant.
3.4 Database and Preprocessing
65 consecutive patients (52 male, 13 female, mean age 66±10 years) with
persistent AF (AF duration 18±20 months) were included in this study. For
every patient, a clinically indicated ambulatory Holter ECGs of approximately
24 hours was recorded. Holter recordings with a high degree of noise or with a
percentage of ventricular ectopic beats and aberrant beats > 20% were
excluded (N=10). Three Holter recordings were available for one patient: two
Holters during baseline and one Holter ECG during rate control treatment
with beta blockers.
Holter ECGs were acquired during usual daily activities using a CardioMem
CM 3000 recorder (Fa. Getemed, Teltow, Germany) with a sampling rate of
128 Hz. QRS complexes were detected using Getemed software. Results of
automatic analysis were visually inspected and each error in the detection or
labeling was corrected manually. Duration of each RR interval and classification




3.5.1 Poincaré Surface and Cluster Identification
The irregularity of RR intervals during AF resulted in a wide scattered
distribution on the Poincaré plot. However, histographic Poincaré plots
showed different clusters of more probable couples of RR intervals.
After testing different resolutions, we decided to set it to the maximum of our
ECG recorder system, with a sampling frequency of 128 Hz (i.e. the resolution
was 7.8125 ms). In order to construct a PS a rotationally symmetric Gaussian
lowpass filter with a standard deviation of 25 ms was used.
In Fig. 3.2.a., typical PS types of four patients with AF are depicted.
These four patients presented similar RR mean and RR variability (table 3.1).
The standard Poincaré plot of these four patients did not present clear
differences but a wide and dispersed VR. However, by adding the number of
occurrences of couples of RR intervals, the histographic Poincaré plot
unmasked differences of the VR organization degree. The construction of PS
emphasized these differences. Patient 1 presented one wide cluster on the PS.
Patient 2 presented four clearly separated clusters. Patient 3 presented four
overlapping clusters. Patient 4 presented multiple clusters.
Table 3.1: Mean RR and RR variability





In order to characterize the PS automatically, a minimum distance between
peaks of 50 ms, epsilon in equation 3, was chosen as optimal to define a local
maximum. Position and number of occurrences of detected clusters in the four
patients are shown in table 3.2.
3.5.2 Poincaré Surface Profile. Comparison with
Histograms
In order to analyze possible improvement of the PSP over conventional RR
interval histogram for analyzing RR interval distributions, the number of RR
interval clusters, their location and number of occurrences were evaluated by
applying both methods in all Holter ECG recordings. Conventional RR interval
histograms were constructed with the same resolution used for Poincaré plots.
They were filtered with the smoothing procedure presented in [97]. It consisted
of the application of a moving average filter until the minimum distance between
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b1
Figure 3.2: 24-hour Poincaré Surface (panels a) and RR interval histogram
(dashed line in panels b) and Poincaré Plot Profile (continuous line in panels b)
of four patients with four different VR patterns.
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Table 3.2: Positions of detected clusters on the local maximum of the cluster for
four patients. Position of a cluster is defined by its positions in the horizontal
axis (RRn-1) in ms. and the position in the vertical axis (RRn) in ms.
Patient 1 Patient 2 Patient 3 Patient 4
RRn-1 RRn RRn-1 RRn RRn-1 RRn RRn-1 RRn
700 677 459 467 418 424 375 359
756 768 651 646 531 531
749 488 611 462 711 703




two local maxima was higher than 50 ms. Peaks detected in the conventional
RR interval histogram were labeled as 1, 2, 3, etc. according to the closest peak
found in the PSP.
Significant peaks were detected in both the PSPs and histograms by using
the method previously described in the section 3.3.B.. The threshold used for
the definition of significance was 10 % of the maximum peak and 50 ms was
chosen as the minimum distance between peaks.
In patient 1, both the histogram and the PSP showed only one cluster, or a
wide unimodal pattern. In patient 2, both the histogram and the PSP
depicted a bimodal pattern, where most probable RR interval clusters showed
similar number of occurrences. In the PSP, the valley between the two peaks
was emphasized. Two peaks were automatically detected by means of both
algorithms. In patient 3, visual inspection of the histogram does not allow to
distinguish between one or two clusters whereas the PSP showed two clearly
defined peaks. By means of the automatic algorithm described in section
3.3.b., one cluster was detected in the histogram whereas in the PSP two
peaks were detected. Patient 4 showed an RR interval histogram with one
dominant cluster and sawtooth-like tails. Two peaks were automatically
estimated by using the detection algorithm to the histogram. In this case, the
PSP showed three separated clusters and two pronounced slope changes in
long RR intervals. The first three RR peaks were automatically detected.
In Table 3.3 the distributions of patients according to the number of peaks
detected by means of PSP and conventional RR interval histograms are
summarized. All RR populations found in the RR interval histogram were
detected by means of the PSP. In summary, 61 RR peaks were detected in the
conventional histograms whereas 102 RR peaks were detected in the PSP.
Fig. 3.3 shows the difference between the positions of each peak detected in
the PSP and the position of each peak detected by means of the conventional
histogram when more than one peak was detected in the PSP. 96 % of type 1
38 CHAPTER 3. POINCARÉ SURFACE PROFILES
Table 3.3: Distribution of patients according to the number of peaks detected
by means of PSP and RR interval histogram.
PSP Histogram
Patients with 1 RR population 19 30
Patients with 2 RR populations 25 22
Patients with 3 RR populations 11 3










Differences between position of peaks detected
by histogram and Profile
Figure 3.3: Boxplots of the difference between the positions of each peak
detected by means of RR histograms or PSP. Boxes have lines at the first
quartile (bottom), median (gray line), and third quartile values (top). The
whiskers are lines extending from each end of the box to show the extent of the
rest of the data.
peaks were found at higher positions in the histogram compared to the PSP,
with a mean difference of 26±19 ms (p<0.01). Type 2 peaks were found in
the PSP at either lower or higher locations compared to the histogram, a mean
difference of 6±18 ms (p=0.05) indicates a small but significant higher positions
in the histogram compared to the PSP. Type 3 peaks were found predominantly
(86 %) at equal or lower positions in the histogram than in the PSP, with a
mean difference of 2±15 ms (p=n.s.).
3.5.3 Poincaré Surface Profile and Transition Clusters in
Poincaré Surface
Joint information of the number of peaks found in the PSP and the existence
of transition clusters in PS is summarized in table 3.4. In 18 of the 19 patients
with one peak in the PSP no transitional clusters were found. One patient with
one peak in the PSP presented three clusters in the PS, one in the diagonal
and two in symmetrical positions around it. In 20 of the 25 patients with two
peaks in the PSP, 2 transition clusters were detected. In 1 of the 25 patients
one transition cluster was detected. In 2 of the 25 patients 3 transition clusters
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were detected. In 2 of the 25 patients no transition clusters were detected. In
all 11 patients with three peaks in the PSP more than 2 transition clusters were
detected.
Table 3.4: Distribution of patients according to the number of peaks detected
by means of PSP and the transition clusters detected in the Poincaré Surface.
NPeaks in the PSP Number of patients
1 18 without transition clusters
1 with transition clusters
2 2 without transition clusters
23 with transition clusters
3 0 without transition clusters
11 with transition clusters
In the 23 patients in which two peaks were found in the PSP and at least
one transition cluster was detected in the PS, mean position of peaks 1 and 2
were 434±85 ms and 684±92 ms respectively.
In the 11 patients with three peaks mean position of peaks 1, 2 and 3 were
471±105 ms, 717±161ms and 947±227ms. Pairwise correlation among the
location of the three populations was higher than 0.91 (p<0.01). The mean
distance between peaks 2 and 1 (D2-1) was 246±68 ms and the mean distance
between peaks 3 and 2 (D3-2) was 230±78 ms (p=n.s). The correlation
between D2-1 and D3-2 was R=0.97 (p<0.01). The mean absolute difference
between D3-2 and D2-1 was 15±14 ms.
3.5.4 Illustration of Short Time VR Variations vs
Variation of Preferential Conduction
Short-time variations in the PSP over the 24-hour Holter recording time are
depicted in Fig. 3.4. In each panel, short time variations of the amplitude of
the PSP in intervals of 30 minutes with an overlap of 15 minutes are represented.
RR clusters were detected in each PSP by using the method described in section
3.3. Panels a, b, c and d correspond to patients 1, 2, 3 and 4 in Fig. 3.2
respectively.
In panel (a) a fairly constant unimodal pattern was present during the whole
day. The mean position of the detected peak in each PSP was 697±28 ms.
In panel (b) two separated RR clusters at 450±32 ms and 738±34 ms were
detected during most part of the day. A cluster centred at 738 ms was detected
during the whole recording with similar number of occurrences. On the other
hand, the number of occurrences in the cluster situated around 450 ms changed
during the day. It had a high number of occurrences concentrated in the peak
between 9:15 to 19:45, the number of occurrences decreased during the rest of
the day and it was not detected from 23:00 to 5:00.
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In patient from panel (c), two peaks were detected in the 24 hour PSP
(Fig. 3.2) at 426 ms and 649 ms. By evaluating short-time variations by visual
inspection a higher degree of dispersion in the PSPs could be observed and a
lower definition of transitions between both detected clusters than in patient
2. By means of the automatic characterization two clusters were discriminated,
one at 406±25 ms and the other at 641±80 ms. The cluster centred around 641
ms was detected during the whole day although with a considerable variation
in the position (80 ms). The RR interval centred around 406 ms presented a
high number of occurrences between 12:15 to 13:00, 13:45 to 18:00 and 8:00 to
10:15.
In panel (d) corresponding to patient 4, three separated clusters at 370±18
ms, 543±22 ms and 707±32 ms were detected. The cluster centred at 707 ms
was detected during the whole day without large variations in the number of
occurrences. The cluster centred at 543 ms was detected continuously from
10:15 to 13:45 and from 5:45 until the end of the Holter and it was
intermittently detected during the rest of the day. The cluster centered at 370
ms was detected from 10:15 to 12:45, from 13:30 to 14:15 and from 8:30 to the
end of the recording. This cluster with short RR intervals had the higher
number of occurrences. Notice that three clusters were simultaneously present
from 10:30 to 12:45, from 13:30 to 14:15 and from 8:30 to the end of the
recording.
3.5.5 Illustration of Drug Effects
In order to illustrate the utility of monitoring short time variations in the PSP
to evaluate rate control treatments, a second baseline recording and a recording
during beta blockers treatment of patient 2 of the Fig. 3.2 and 3.4 are depicted
in Fig. 3.5. In panel 1 the reproducibility of the method is evaluated with a
second Holter recording acquired seven days later. In panel 1.a. the PS shows
four clusters with similar number of occurrences; two in the diagonal and two in
the transition positions. In panel 1.b. two separated RR clusters at 463±26 ms
and 763±29 ms are detected during most part of the day. The cluster centred
at 763 ms was detected during the whole day. The cluster centred at 463 ms
was detected from the beginning of the recording until 22:00 and from 6:00 until
the end of the recording.
In panel 2 of Fig. 3.5 the effects of the beta blockers treatment is
illustrated. Due to the negative dromotropic effect of the beta blockers, the
mean RR interval increased from 685±217 ms in the first Holter (Fig. 3.4
panel 2) to 788±205 ms in the third Holter (Fig. 3.5 panel 2). In panel 2.a. is
depicted the PS. Four clusters were detected, two in the diagonal and two in
the transition positions. In this case the number of occurrences in the long RR
intervals cluster in the diagonal was higher than in the other three clusters. In
the short time variations in the PSP depicted in panel 2.b. two separated RR
clusters were detected at 465±10 ms and 716±20 ms. The cluster centred at
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Figure 3.4: Short-time variations of the Poincaré Surface Profile (PSP). One
PSP calculated from a time lag of 30 minute every 15 minutes. Panels a, b, c
and d represent the 24 hour PSP variation of patients 1, 2, 3 and 4 of Fig. 3.2
respectively. Horizontal axes correspond to the time interval available in each
Holter recording.
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716 ms was detected during the whole day with a higher number of
occurrences than in the baseline Holters. In this Holter the cluster centred at
465 ms was detected intermittently from 12:00 to 19:00.
1b




10:00 13:00 16:00 19:00 22:00 1:00 4:00 7:00
Figure 3.5: Panel 1 represents a second baseline Holter of patient 2 of Figures 3.2
and 3.4. In panel 2 a Holter of the same patient during rate control treatment
with beta blockers is presented. In panels 1.a. and 2.a. Poincaré Surfaces are
depicted. Panels 1.b and 2.b show short-time variations in the PS.
3.6 Discussion and Conclusion
In this work, different signal processing techniques have been proposed to
identify and quantify preferential AV node conductions from ECG recordings
during AF.
We have presented an automatic method for the characterization of
clustering in a histographic Poincaré plot during AF. We have introduced the
Poincaré Surface plot for reducing the dispersion of RR populations, allowing
a robust and reproducible cluster detection. This is the first time that an
automatic technique to detect clusters in the Poincaré plot is presented. The
ability of PS to identify clusters has been illustrated with four patients (Fig.
3.2.a. and table 3.2.). These patients presented four different PS patterns,
although mean RR interval and RR variability during 24 hours did not present
significant differences (table 3.2).
The detection of transition clusters has been presented as an indicator of
the presence of multiple simultaneous preferential AV nodal conductions.
Nevertheless, position of transition clusters is influenced by the memory effects
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of the AV node (i.e. Wenckebach phenomenon), and consequently their
locations do not give an accurate position of the preferential RR interval.
These effects depend mainly on preceding RR intervals, which alter the
atrioventricular conduction time and modify the RR interval. The importance
of transition clusters should not be underestimated but as they are affected by
AV node memory effects, they should not be used for the estimation of the
position of preferential AV nodal conduction.
Once transition clusters are detected in the Poincaré Surface, we propose
the Poincaré Surface Profile technique for improved detection of preferential
atrioventricular conductions during AF over conventional RR interval
histograms. By using the PSP method transitions between preferential AV
nodal conductions are not considered because they lie outside the identity line
in the Poincaré plot, consequently reducing blurring effects of the memory of
the AV node. This allows a more accurate detection of preferential RR interval
conductions, both in the number of clusters and in the position of the clusters.
Results depicted in Fig. 3.3 support these considerations. Type 1 peaks
correspond to shorter RR intervals in the PSP than in the histogram in most
cases. Transitions between short and intermediate RR populations only
increase the superior tail of the shortest RR population in the histogram,
moving the peak towards the right in the histogram. Type 2 peaks are
influenced by both the transition between the short and the intermediate
populations and the intermediate and the long populations, and therefore can
either be shifted to the right or to the left in the histogram. Type 3 peaks
correspond to longer RR intervals in the PSP than in the histogram in most
cases. Transitions between intermediate and long RR populations only
decrease the inferior tail of the longest RR population in the conventional
histogram, moving the peak towards the left in the histogram, although this
has been observed in a small number of patients with three peaks detected by
both methods. The existence of transition RR intervals between a third RR
cluster with a hypothetic fourth RR cluster might move the position of the
third peak of the RR histogram to the right, although this has not been
observed in our population under study.
The proposed PSP method offers important advantages over conventional
RR interval histograms for the detection of multiple RR interval clusters as it
emphasizes most probable RR clusters. In this work RR interval histograms
were compared to the PSP method in 55 patients. PSP detected all RR
populations present in conventional RR interval histograms. Indeed, 67%
additional RR populations were detected by the PSP method. Consequently,
the PSP method may be superior to conventional RR histograms for detecting
different RR clusters.
Another advantage of the PSP over existent methods is the exclusion of
aberrant ventricular and ventricular ectopic beats. Suyama et. al. [56]
demonstrated that pairs of RR intervals constructed with aberrant conduction
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beats were distributed along the lower envelope of the Poincaré plot. Similarly,
the coupling points of wide QRS complexes are also distributed along the
envelope of the Poincaré plot [103]. The PSP method excludes pairs of RR
intervals that appear in the envelope of the Poincaré plot. Consequently, PSP
is more robust than conventional histograms against errors in detection or
classification of QRS complexes.
Improvements of the PSP against conventional RR interval histogram for the
detection of RR interval clusters allow the study of shorter RR interval series
which may elucidate the circadian behavior of AV nodal properties. Circadian
variations and irregularity of the VR during AF have shown an important role in
the prognosis of survival in patients with persistent AF [58, 104]. Preliminary
works studied three-hour variations manually in the Poincaré plot by visual
inspections [60]. We present an automatic method to study short-time variations
on RR distributions. Different patterns of short-time variations on the VR
during AF have been illustrated (Fig. 3.4). This method allows a detailed
exploration of variations of each RR interval cluster along the day, however,
the accuracy of short time variations on the PSP depends on the degree of
organization of the VR in each patient.
The possibility to use the PS and short time variations in the PSP to monitor
rate control methods is illustrated in Fig. 3.5. The reproducibility of PSP
measurements in two different Holter recordings from the same patient (Fig.
3.4. panel 2 and Fig 3.5. panel 1) is confirmed. Interestingly, during rate control
treatment with beta blockers, both preferential AV nodal conductions remain in
similar positions. The reduction of mean RR interval was due to variations in the
number of occurrences of each RR cluster rather than variations in the position
of the RR clusters. In this patient beta blockade did not change the position
of RR interval populations but result in shorter RR cluster less likely and less
stable and longer RR cluster more probable and preferential. We illustrate the
capability of this short-time monitoring technique to evaluate the effects of rate
control drugs on each preferential AV node conduction.
One may take into account that a conventional RR interval histogram does
not contain the same information as a PSP. A histogram represents the
probability of occurrence of a given RR interval, whereas the PSP represents
the probability of occurrence of two consecutive RR intervals with the same
given value. In this work we propose the combination of the information
presented in a Poincaré plot together with the information of the PSP, which
is more accurate than the information of a conventional RR interval
histogram. Different scenarios can be found when combining PS and PSP
information (table 3.4): 1) No transition clusters are detected in the PS and
only one RR cluster is detected in the PSP (18 patients in our database).
These patients presented only one preferential AV nodal conduction. 2)
Transition clusters are detected in the PS and more than one RR cluster is
detected in the PSP (34 patients in our database). In these patients different
3.6. DISCUSSION AND CONCLUSION 45
RR populations were present simultaneously and the PSP allowed accurate
detection of preferential AV nodal conductions.3) Multiple RR populations are
detected in the PSP but transitions clusters are not detected in the PS (2
cases in our database), in this case different RR populations should be
understood as RR clusters that were not present simultaneously (e.g. due to
variations in the autonomic nervous system) rather than different AV node
preferential conductions. 4) Transitional clusters are present in the PS but
only one RR cluster is detected in the PSP (1 case in our database). This may
happen when two preferential AV nodal conductions are present but one of
them is never used two consecutive times. PSP was unable to detect the
second RR cluster because there were not enough couples of consecutive RR
intervals of this preferential AV nodal conduction.
Clinical implications of different AV nodal preferential conductions remain
unclear. A bimodal RR histogram has been thought to indicate dual pathways
AV nodal physiology during AF [40, 60, 100]. Although a bimodal distribution
could be explained by the concealed conduction model in which AV node
refractoriness differs between the proximal and distal region [67], Olsson et al.
strongly suggested that the two different RR populations correspond to
conduction through two different atrio-nodal conduction routes. In [40] HRSH
were presented for the indirect characterization of multiple intranodal
pathways of the AV node. However, the bimodal RR interval distribution
analysis is not always related with the presence of dual AV nodal pathway
physiology, and a unimodal histogram pattern may still be associated with
dual AV nodal pathways [47]. In addition, the dual pathway interpretation can
not explain 3 or more peaks in the PSP. Of interest is our finding that after
applying PSP for the filtering of transitional RR intervals there was a high
correlation between peak locations, and that the difference between peaks
D3-2 and D2-1 in each patient with three peaks was almost identical. That
raises the possibility that in this case the preferential AV nodal conductions
represent different AV conduction ratios of the atrial fibrillatory input (i.e.
2:1, 3:1 and 4:1 atrioventricular conductions) and they are not necessarily
determined by AV nodal anatomy. Similar atrioventricular conduction
behavior takes place in more organized atrial arrhythmias such as atrial
flutter. The exact properties of the atrioventricular conduction are of course
hard to estimate without detailed examination during electrophysiological
study, however the PSP may be a useful tool for studying the relationship
between the atrial rate and preferential AV nodal conductions.
Even when the physiological meaning of the different RR populations is a
controversial topic, clinical relevance of the evaluation of the existence of
preferential AV nodal conductions has been reported in several studies
[60, 96, 97, 43, 99, 42, 100, 101, 54, 105, 106]. Rokas et al. demonstrated that
modifications in the AV node in patients presenting bimodal RR interval
distributions were more effective in reducing the heart rate than in patients
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with a unimodal pattern [43]. In a more recent study from Van den Berg et al.
showed that electrical cardioversion resulted more often in restoration of sinus
rhythm in patients whose RR intervals were clustered, and also, those patients
had a higher likelihood of remaining in sinus rhythm than their counterparts
without well-defined clusters [52].
In summary, the PSP method is a robust technique that allows automatic
detection of preferential AV nodal conductions. Consequently, it may play a
relevant role for a deeper understanding of AF mechanisms and for quantifying
AF patterns and properties. PSP and Poincaré plots together with already
existent techniques will help in the study of rate control drugs and in the
selection of a more appropriate treatment for each patient.
Chapter 4
Role of the Atrial Rate1
4.1 Introduction 4.4 Discussion
4.2 Methods 4.5 Conclusions
4.3 Results
During atrial fibrillation (AF), RR interval histograms show different
populations of predominant RR intervals (pRR). These pRR intervals have
been suggested to be multiples of the refractory period of the AV node or
caused by the existence of a dual AV node physiology. In this study the
hypothesis that predominant RR intervals are related to the dominant atrial
fibrillatory rate is tested. In this study Holter ECG signals from 55 patients
with persistent AF were analyzed. Number and position of predominant RR
intervals were detected and compared with mean and standard deviation of
the dominant atrial cycle length (DACL) . In addition, effects of an
enhancement of vagal activity and rate control treatments (Beta Blockers and
Verapamil) were evaluated. In all patients with more than one predominant
RR interval and in 47% with one predominant RR interval, RR interval
populations were statistically related with multiples of the DACL. During
night activities and during beta blockers treatment, mean ventricular rate
decreased (p<0.01). This change was associated with a variation in the
percentage of occurrences of each predominant RR (p<0.01), whereas no
statistical differences were present in the mean DACL or in the position of
predominant RR intervals. A variation of the DACL due to Verapamil was
associated with a consistent modification in the position of the predominant
RR intervals. The relation between predominant RR and multiples of the
DACL during AF suggests that more probable RR intervals are caused by
different conduction ratios of the atrial rate.
1Chapter based on the manuscript: Andreu M. Climent, M. Salud Guillem, Daniela
Husser, Francisco Castells, Jose Millet and Andreas Bollmann. Role of the Atrial Rate as
a Factor Modulating Ventricular Response during Atrial Fibrillation. Pacing and Clinical
Electrophysiology. 33(12):1510-1517. 2010
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4.1 Introduction
Despite the large number of patients treated with rate-controlling therapies
for Atrial Fibrillation (AF), atrioventricular conduction mechanisms during AF
remain unclear. In fact, the ventricular response (VR) during AF presents
intriguing characteristics [53, 49]: by constructing histograms of RR intervals or
bidimensional histogram plots (so-called 3D plots, Lorenz plots or Poncair plots)
from RR series different populations of predominant RR intervals (pRR) can
be identified. Whereas in some patients, unimodal RR patterns are observed,
in others bi- or multimodal patterns exist. Although this phenomenon may be
of importance during rate control strategies, underlying AV nodal conduction
mechanisms are still an incognita. In an earlier study [107], it was postulated
that pRR are multiples of the refractory period of the AV node. However, in
more recent works pRR have been suggested to be caused by the existence of
dual AV node physiology [97, 40, 43]. It was hypothesized that conduction
through the slow AV nodal pathway (with a short refractory period) produces
short RR intervals, whereas conductions through the fast AV nodal pathway
(with a long refractory period) produces long RR intervals [97, 40, 43, 60, 41, 42,
100]. However, none of these hypotheses can explain satisfactorily the generation
of the VR during AF.
The main objective of this study was the evaluation of the relationship
between the positions of pRR intervals and the dominant atrial cycle length
(DACL) during AF. We tested the hypothesis that the positions of pRR
populations are caused by different conduction ratios of the atrial rate (i.e.
2·DACL, 3·DACL, etc.).
4.2 Materials and Methods
4.2.1 Study Population and Holter ECG Acquisition
In this study 65 consecutive patients with persistent AF were included. For
each patient, a clinically indicated ambulatory Holter ECGs of approximately
24 hours was recorded during usual daily activities using a CardioMem CM 3000
recorder (Fa. Getemed, Teltow, Germany). QRS complexes were detected and
classified using Getemed software. Results of automatic analysis were visually
inspected and each error in the detection or labeling was corrected manually.
Only RR intervals between normal (sinus) beats were used in the subsequent
analysis. Holter recordings with a high degree of noise or with a percentage of
ventricular ectopic and aberrant beats higher than 20% were excluded (N=10).
The remaining 55 patients comprise the study population (Table 4.1).
In order to evaluate the effect of rate control treatments, two Holter
recordings were acquired for six patients (3 under beta-blockers and 3 under
Verapamil). In each subgroup (beta-blockers and Verapamil), baseline
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recordings were compared to drug recordings for two patients and recordings
obtained under different dosages of the same drug were compared for one
patient.
Table 4.1: Patient Characteristics
Total Unimodal Multimodal P
(n=55) (n=21) (n=34)
Age, years 65±11 67±10 63±11 NS
Male, n (%) 43 (78) 17 (81) 26 (76) NS
AF duration, months 19±20 23±17 1821 NS
Left atrial diameter, mm 50±8 52±7 50±9 NS
Left ventricular ejection fraction, % 50±14 46±17 53±10 NS
Heart disease* NS
None, n (%) 3 (5) 0 (0) 3 (9)
Hypertension, n (%) 23 (42) 7 (33) 16 (47)
Coronary artery disease, n (%) 10 (18) 4 (19) 6 (18)
Valvular heart disease, n (%) 6 (11) 4 (19) 2 (6)
Cardiomyopathy, n (%) 6 (11) 3 (14) 3 (9)
Medication* NS
Beta blockers, n (%) 38 (69) 14 (66) 24 (71)
Calcium channel blockers, n (%) 15 (27) 3 (14) 12 (35)
Digitalis, n (%) 24 (44) 9 (42) 15 (44)
Ventricular rate, bpm 81±22 79±13 82±74 NS
*treatment received during recording, more than one possible, NS=not
significant
4.2.2 Analysis of the Atrial Activity
In order to estimate the mean atrial fibrillatory rate, the dominant frequency
of atrial fibrillatory signals was estimated from the surface Holter ECG lead.
Ventricular activity was reduced by subtracting a matching QRS-T template.
This template was computed for each beat as a linear combination of the
principal components previously obtained from the analysis of all beats in the
ECG segment [108]. For every 10 seconds of ECG recording, the dominant
frequency was defined as the dominant peak in the power spectrum between 3
and 10 Hz. The dominant atrial cycle length (DACL) of each segment was
calculated as the inverse of the dominant frequency. The main limitations in
the estimation of the AF rate were the low signal to noise ratio of Holter
signals and the possible QRS complex residue. In order to reject segments in
which a precise estimation of the DACL was not possible, the spectral
concentration around the dominant frequency (±0.5Hz) was measured. In case
that this spectral concentration was lower than 40%, DACL estimation was
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discarded. For each 30 minute segment, 180 values of DACL and spectral
concentration were calculated (1 value every 10 seconds for each parameter). If
more than 70% of the 10 second segments presented a spectral concentration
higher than 40%, mean and standard deviation of DACL of segments with
high spectral concentration were computed. In addition to these parameters,
mean DACL during day (7h-23h) and night (23h-7h) activity periods and
during the whole day were compared.
4.2.3 Analysis of the Ventricular Response
The analysis of pRR during AF was based on the Poincaré Surface Profile
(PSP) method that has been presented in detail elsewhere [109]. In brief, this
methodology allows analyzing the dynamic behavior of the VR during AF by
means of the analysis of only near-equal consecutive RR intervals derived from
a Poincar plot. Short-term variations in the VR were analyzed by computing
a 30-minute PSP every 15 minutes, with 50% overlapping (i.e. for a Holter
recording of 24 hours, 95 PSP from overlapping sequential segments can be
generated), so that the number and position of pRR during the recording was
monitored. For each 30 minute signal an algorithm to identify pRR on the PSP
was used in order to automatically detect different RR populations [109]. For
each 30 minute segment, 1, 2 or 3 pRR intervals were detected and patients
were grouped according to their VR pattern. Although the existence of two or
more pRR in at least one 30-minute segment may suffice to assess the existence
of a multimodal VR pattern, in order to guarantee robustness to erroneous pRR
detections, a total percentage of PSP segments with two or more pRR greater
than 10% was required for assessing multimodality.
In addition, mean ventricular rate during the day (7h-23h) and night
(23h-7h) activity periods and during the whole day were compared. Moreover,
position and probability of occurrence of each pRR were analyzed for day
(7h-23h) and night (23h-7h) activity periods in all patients with more than one
pRR. Specifically, for each activity period, mean position and mean percentage
of RR interval occurrences around 50 ms of each pRR were measured.
4.2.4 Comparison between Atrial Cycle Length and
Predominant RR Intervals
A pRR was considered to be an nth multiple of DACL if it was located within
a window at n · (DACL ± stdDACL). For instance, if during 30 minutes the
measured DACL was 150±5 ms, a pRR was considered a second multiple if its
duration ranged from 290 to 310 ms, a third multiple if its duration ranged
from 435 to 465 ms, etc. In order to avoid identifying relationships between
DACL and pRR due to wide tolerance ranges, segments that presented a
stdDACL greater than 15 ms were rejected. In addition, mean DACL and
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mean ventricular rate during the whole day and during day and night activity
periods were compared.
4.2.5 Statistical Analysis
In order to evaluate the relationship between multiples of the DACL and the
different RR populations, one tailed t-test was performed to evaluate the
hypothesis that pRR− n ·DACL was lower than n · stdDACL for each patient.
In addition, paired Student’s t tests were performed in order to compare 1)
DACL between day and night, 2) ventricular rate between day and night, 3)
percentage of occurrences of each pRR between day and night and 4) position
of each pRR between day and night. Similar comparisons were done between
baseline and rate control Holters. A p value <0.05 was considered statistically
significant.
4.3 Results
4.3.1 Atrial Cycle Length and Predominant RR Intervals
Short-term variations of PSP and multiples of DACL of two representative
patients are depicted in Figure 4.1. In the recording shown in panel 1, one
peak was detected in the PSP during the whole day. The detected pRR laid
inside the window of the 4th multiple of the DACL in 90% of the segments
(p<0.01). The recording shown in panel 2 was classified as multimodal due to
the existence of two pRR intervals in 25% PSP segments. In this patient the
long pRR laid inside the window of the 5th multiple of the DACL in 100% of
the 91 segments (p<0.01). Similarly, the short pRR interval appeared inside
the window of the 3rd multiple of the DACL in 100% of the 23 segments
(p<0.01).
By analyzing short time variations of PSPs over 24 hours for the whole
database, 21 patients presented a unimodal VR pattern and 34 patients a
multimodal VR pattern (23 with 2 pRR intervals and 11 with 3 pRR
intervals). There was no difference in clinical characteristics between patient
groups (Table 4.1). Of those, 2 patients with unimodal VR patterns and 10
patients with multimodal VR patterns were excluded from further analysis due
to QRST cancellation artefacts and estimation of DACL. Summarizing, 19
patients with unimodal VR pattern and 24 patients with multimodal VR
pattern were analyzed.
Notice that a thorough estimation of the DACL was not possible for all 30
minute segments of these 43 patients. Thirty minute segments with an
insufficient spectral concentration or with a standard deviation of the DACL
larger than 15 ms were rejected. Patients with less than 50 segments fulfilling
these criteria were not considered for further analysis. The mean number of
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Figure 4.1: In panels 1a and 2a, 24 hours Poincaré Surface Profiles (PSP) are
depicted. In panels 1b and 2b, short-time variations of the PSP during the day
are represented according to a red color scale. Crosses represent local maxima
of each PSP segment automatically detected. DACL multiples are represented
as the mean and standard deviation of each measurable 30-minute segment.
In panels 1a and 1b, a unimodal VR is depicted in which a single pRR was
found during the whole day together with the 4th multiple of DACL which was
statistically related with the pRR. In panels 2a and 2b, a multimodal patient
is depicted in which a bimodal PSP was detected during several segments of
the day, the 3rd and 5th multiples of DACL were statistically related with pRR
intervals.
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measurable segments and the percentage of them that satisfy the relation
between atrial cycle length and pRR interval are shown in table 4.2.
For all patients with a multimodal VR pattern and for 9 of the 19 patients
with a unimodal VR pattern it was statistically demonstrated that pRR intervals
were harmonics of the DACL. For these 9 patients in 75±15% of measurable
segments pRR was statistically related to DACL (p<0.05). In the other 10
patients with a unimodal VR pattern, 56±21% of segments presented a pRR-
n·DACL lower than stdDACL (p=ns) Notice that the standard deviation of the
position of the pRR interval in these 10 patients was 90±50 ms, significantly
higher than in the other 9 patients with a unimodal pattern (50±23 ms, p<0.05).
These patients may have been incorrectly classified into the unimodal group and
present two nearby pRR populations leading to an inaccurate location of the
pRR at some segments and thus inability to demonstrate its relation with the
DACL.
Table 4.2: Measurable segments and percentage of them statistically related




UNIMODAL PSP 19 76±43 65±22%
MULTIMODAL PSP 24 79±36 85±11%
PSP= Poincaré Surface Profile, DACL= Dominant Atrial Cycle Length,
pRR= predominant RR interval.
4.3.2 Autonomic Tone Effects
Comparison of day and night periods for all patients with more than one pRR
is summarized in table 4.3. No statistical differences were found neither in
the mean DACL nor in the position of each pRR interval, although the mean
ventricular rate was significantly lower for night periods. This decrease was
associated with an increase in the proportion of long pRR in comparison to
short pRR. The number of patients with a third pRR was too small to detect
statistically significant trends. An example of the stability of the position of
pRR and their day-to-night variation of occurrences is illustrated in panel 2b
of Figure 4.1. In this patient, during the night, number of occurrences of the
pRR corresponding to the 3rd atrial harmonic decreased markedly whereas the
number of occurrences of the pRR corresponding to the 5th atrial harmonic
increased.
For the 9 patients that presented unimodal ventricular response pattern and
pRR was demonstrated to be a multiple of the DACL, mean RR interval were
longer during night periods (767±181ms vs. 849±187ms ,p<0.05). However,
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Table 4.3: Comparison between Day and Night Activity Periods.
Day (7h-23h) Night (23h-7h)
RR mean ms 711 ± 131 832 ± 158 **
DACL mean ms 160 ± 20 161 ± 21
1 pRR ms 505 ± 142 489 ± 166
% oc. 29 ± 14% 14 ± 12% **
2 pRR ms 782 ± 162 792 ± 170
% oc. 24 ± 15% 30 ± 13% **
3 pRR ms 1116 ± 251 1123 ± 257
% oc. 11 ± 13% 12 ± 5%
** p<0.001
DACL= dominant atrial cycle length, pRR= predominant RR interval, oc=
occurrences.
two different mechanisms produce these reductions in the ventricular rate. In
six patients, a significant variation of the mean DACL was detected between
day and night (157±14ms vs 165±16ms, p<0.05). In these patients both day
and night periods presented a pRR similar to the 5th multiple of the DACL
and so the position of the pRR changed following the mean DACL variations.
In three patients, no significant differences were measurable for the mean of the
DACL between day and night. However, in these three patients, pRR was the
4th multiple of the mean DACL during the day whereas during the night pRR
was the 5th multiple of the mean DACL.
4.3.3 Rate Control Effects
Comparisons between Holter recordings during baseline and rate control
treatment for the three patients that were treated with Betablockers and for
the three patients treated with Verapamil are summarized in table 4.4.
On one hand, patients treated with Betablockers presented a multimodal
ventricular response pattern with 2 populations during both recordings. No
significant differences were found neither in the mean atrial rate nor in the
position of predominant RR intervals, however mean ventricular rate was
significantly lower (p<0.01). This reduction in the ventricular rate was
associated with an increase in the percentage of occurrences of long pRR
compared to short pRR (p<0.01). In Figure 4.2 the effects of Betablockers in
the VR pattern and its relation with the atrial rate in patient 1 are illustrated.
As visible, in both Holter recordings positions of pRR were similar (p=n.s.)
and in both the positions of these populations were significantly related with
3rd and 5th harmonics of the atrial rate (p<0.05).
On the other hand, patients treated with Verapamil presented a
multimodal ventricular response pattern during both recordings. In these













































































Figure 4.2: Panels 1a and 1b represent 24 hours PSP and short-time variations
of the PSP together with the 3rd and 5th atrial rate multiples (panels 1b and 2b)
during a baseline Holter (panels 1a and 1b) and during rate control treatment
with beta blockers (panels 2a and 2b).
However, under Verapamil treatment a significant reduction in the DACL was
measured during the second Holter recordings (p<0.01). Positions of pRR in
the second Holter were also shifted, but still remained statistically related with
harmonics of the DACL. Nevertheless, although DACL decreased, positions of
the pRR increased due to an increase in the harmonic order (table 4.4).
4.4 Discussion
4.4.1 Main Findings
In this study, a relation between the atrial cycle length and the ventricular
response during AF has been found. For the first time during AF, the position
of predominant RR intervals has been shown to be correlated with multiples
of the dominant atrial cycle length. It has been illustrated how the reduction
of the ventricular rate due to changes in the autonomic tone (e.g. days vs.
night) does not imply variations in the position of predominant RR intervals,
but rather variation in the probability of occurrence of each predominant RR
intervals. Similar behavior was found when the conduction properties of the AV
node were modified by Betablockers. In addition, it has been illustrated how a
modification in the atrial rate due to Verapamil produce shifts in the position
of the pRR consistent with modified DACL values.
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Table 4.4: Rate Control Treatment Effects.
Baseline Recordings
N RR DACL 1 pRR 2 pRR
mean mean (ms) harm. % oc. (ms) harm. % oc.
1 735 ± 220 151 ± 11 458 ± 24 3rd 24% 760 ± 30 5th 39%
2 914 ± 233 171 ± 13 703 ± 60 4th 24% 1018 ± 39 6th 14%
3 600 ± 195 170 ± 11 502 ± 35 3rd 39% 849 ± 29 5th 22%
Beta Blockers Recordings
N RR DACL 1 pRR 2 pRR
mean mean (ms) harm. % oc, (ms) harm. % oc,
1 788 ± 205 154 ± 12 464 ± 23 3rd 4% 759 ± 23 5th 49%
2 996 ± 221 171 ± 14 706 ± 53 4th 19% 1018 ± 27 6th 22%
3 683 ± 187 168 ± 16 497 ± 31 3rd 29% 839 ± 36 5th 36%
Baseline Recordings
N RR DACL 1 pRR 2 pRR 3 pRR (ms)
mean mean (ms) harm. (ms) harm. (ms) harm.
4 773 ± 242 178 ± 16 367 ± 11 2nd 539 ± 21 3rd 711 ± 21 4th
5 911 ± 225 146 ± 14 720 ± 39 5th 1017 ± 30 7th
6 752 ± 162 171 ± 13 504 ± 25 3rd 672 ± 43 4th
Verapamil Recordings
N RR DACL 1 pRR 2 pRR 3 pRR (ms)
mean mean (ms) harm. (ms) harm. (ms) harm.
4 870 ± 199 153 ± 14 625 ± 21 4th 781 ± 28 5th 910 ± 30 6th
5 942 ± 233 134 ± 13 668 ± 32 5th 931 ± 38 7th 1208 ± 38 9th
6 873 ± 196 157 ± 14 631 ± 31 4th 797 ± 39 5th
N=patient number, DACL= dominant atrial cycle length, pRR= predominant
RR interval, harm.: harmonic order respect to mean DACL. Mean values in ms.
4.4.2 Ventricular Response during Atrial Fibrillation
The VR during AF is usually assumed to be a random phenomenon [110].
However, the existence of a certain relationship between each RR interval and
the preceding RR series was demonstrated by means of bidimensional
histograms and autocorrelation functions [111, 52], where different populations
of more probable RR intervals (pRR) can be found. Despite the importance of
these phenomena in rate-controlling therapies for the AF, mechanisms
responsible of this observation remain controversial. In 1950, Sderstrm
postulated that pRR conductions should be multiples of the refractory periods
of the AV node [107]. Although it was a reasonable hypothesis, it does not
explain satisfactorily the variations of pRR during day and night or
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Betablockers. Since AV nodal refractory period is modified by the vagal tone
[112], position of pRR should gradually change between day and night,
following the vagal tone. Rather than this, the reduction of the mean RR
during the night was caused by an increase in the number of occurrences of
long RR interval populations and a decrease in the number of occurrences of
short RR interval populations, whereas the position of populations did not
change. A similar behavior was also observed in the three patients treated
with Betablockers.
In 1956, Moe et al. presented evidence of the existence of an AV node dual
physiology [23]. It was demonstrated that the so-called slow-pathway has a
shorter refractory period but lower conduction velocity than the so-called
fast-pathway. The concept of two pathways with separated conduction
properties was used later by Olsson et al. [97, 40, 95] for suggesting that pRR
intervals during AF are caused by conduction through different AV node
pathways. However, even when the slow pathway presents a slightly shorter
refractory period than the fast pathway, both refractory periods range from
250 to 350 ms [113], differences that do not exceed 100 ms, far from the
positions of the pRR intervals observed in our results and previous studies
[40, 41]. According to our results, short and long RR distributions, or even
multiple RR populations, do not necessarily imply conduction though different
AV nodal pathways [40]. In fact, Garrigue et al. demonstrated that not the
dual AV nodal pathways per se, but the complexity of the atrial-AV nodal
engagement underlie the VR patterns observed during high atrial rates
[114, 115]. In the same way, by pacing from different sites of the atria in rabbit
experiments, Chorro et al. [116] concluded that the ventricular rate during AF
was not only determined by the properties of the AV node but also by the rate
and irregularity of the fibrillatory process. This reaffirms the idea presented by
Kirsh et al.[117], who suggested that the irregularity of the VR to AF is
primarily a consequence of the irregularity inherent in the atrial activity and
the role of the AV node is predominantly confined to that of scaling the atrial
activity [117]. Our findings relating pRR and the mean atrial cycle length in
Holter ECG recordings from humans are consistent with these findings.
4.4.3 Atrioventricular Conduction Mechanisms
According to our results, the role of the AV node may be mainly confined to
scaling atrial waves and, consequently, in order to study the VR during AF a
careful evaluation of the rate and organization degree of the atrial fibrillatory
activity bombarding the AV node is necessary. Our results suggest that
atrioventricular conduction during AF is based on similar mechanisms to that
of regular atrial tachycardias such as Atrial Flutter. This novel point of view
should modify the way in which rate control strategies aim at achieving regular
and optimal ventricular rates. Nevertheless, the atrioventricular conduction
during AF is the result of a combination of several effects. Although more
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probable RR intervals have been related to the atrial rate, the way in which
concealed beats, interactions between AV nodal pathways or the autonomic
nervous system modulate the conduction of atrial waves needs to be clarified.
4.4.4 Limitations
In this manuscript some of the most novel techniques have been used in order
to evaluate globally the atrial activity and the ventricular response during AF
[108, 109]. These techniques have been applied to Holter ECG recordings since
only long recordings allow a detailed analysis of autonomic tone or rate control
effects in the atrial and ventricular response during AF. Although the evaluation
of global phenomenon rather than detailed analysis of the AV node zone could
implicate some limitations, the assumption that DACL could be calculated from
ECG signals was based on the demonstrated stable relation between rate of ECG
atrial waves and endocardial cycle length [118]. Notice that only segments with
an accurate estimation of the DACL were used for the comparison. In addition,
the assumption that VR during AF could be characterized by means of BHP
was based on the demonstrated relation between position of pRR in BHPs and
in complete histograms [109]. Although these assumptions have been accepted
to obtain a first approximation of the overall relation between atrial activity and
the VR during AF, more complex models including atrial activity organization
parameters and the full population of ventricular activations would help in a
further understanding of the beat to beat dynamics of the AV node during
AF. In fact, further analysis evaluating nervous stimulations [119] and atrial
wavefront organization should be needed in order to confirm our hypothesis and
to reveal the reason why some patients presented unimodal or multimodal VR
patterns.
4.5 Conclusions
The relation between predominant RR and multiples of the DACL suggests
that more probable RR intervals are caused by different conduction ratios of
the atrial rate. This finding represents a novel hypothesis and may contribute
to a better understanding of the role of the AV node during AF.
Chapter 5
Generation of Realistic AA
Interval Series 1
5.1 Introduction 5.4 Discussion and
5.2 Materials and Methods Conclusions
5.3 Results
The aim of the this chapter is to describe a methodological architecture for the
generation of realistic atrial to atrial activation intervals (AA) during atrial
fibrillation (AF), which can be used to investigate the role of the atrial
fibrillatory process in the ventricular response during AF. In this work, a
methodology for the generation of AA intervals series with selected values for
mean, standard deviation, kurtosis, skewness and with specific autocorrelation
functions is presented and evaluated. In order to test the accuracy of this
method, AA times were calculated from two endocardial recordings of 10
patients during AF. In addition, the role of each statistical characteristic of
the AA interval series in the ventricular response during AF is examined using
a mathematical model of the AV together with realistic atrial activation
sequences generated by using the presented methodology. We have observed
RR histograms with multiple RR populations occurring at multiples of the
mean atrial rate, as observed in real AF recordings. In addition, we have
shown that the statistical characteristics of the AA series influence the shape
of the RR histogram, demonstrating the importance of an accurate
characterization and generation of AA interval series during AF. The use of
the present methodology may help in understanding the role of the atrial rate
in the ventricular response during AF.
1Chapter based on the manuscript: Andreu M. Climent, Felipe Atienza, Jose Millet and
M. Salud Guillem. Generation of Realistic Atrial to Atrial Interval Series during Atrial
Fibrillation. Submitted
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5.1 Introduction
Atrial fibrillation (AF) is characterized by disorganized electrical activity of
the atria. This is associated with an irregular bombarding of the atrial activity
into the AV node [4, 3]. Since the AV node is not able to conduct all atrial
activations, some of them are blocked within the node. This ”filtering”
property of the AV node is fundamental for keeping the heart beating at a
sustainable rate. However, the ventricular response during AF presents shorter
and more irregular RR intervals than during sinus rhythm. This fast, irregular
ventricular rate associated with AF can cause some of the most severe
symptoms such as palpitation, chest discomfort, light-headiness and syncope
[4, 3]. In fact, rapid and irregular heart rate may result in the heart being
unable to provide adequate blood flow and oxygen delivery to the rest of the
body with all the associated long-term problems. The so-called rate control
strategy of AF focuses on controlling ventricular rate. Usually, this treatment
strategy deals with efforts to adjust propagation properties of the AV without
taking into account the atrial fibrillatory process [3]. Nevertheless, the
important role of the atrial fibrillatory process in the ventricular response
pattern during AF has recently been proved [116, 120, 121, 115, 114]. This
research demonstrated that in order to understand the atrioventricular
conduction during AF and thus achieve an optimal rate control it is necessary
to combine an accurate characterization of the atrial to atrial activation
interval (AA interval) with a model of the AV conduction.
In the literature great efforts have been made in order to characterize and
model the role of the atrioventricular junction in the ventricular response
during AF (i.e. RR interval series) [67, 64, 65, 72, 74, 73, 70]. However, little
attention has been paid to the specific characteristics of AA interval series and
its relation to the ventricular response. Often, AA interval series during AF
have been considered as a completely random phenomenon presenting either a
Gaussian or a Poisson distribution [67, 94, 122, 123, 90, 71] and these random
series were used as inputs for mathematical models of the atrioventricular
conduction during AF [67, 74, 71]. These approximations allow the
modification of the mean AA interval and its standard deviation and thus are
appropriate for testing the role of some conduction properties of the AV node
junction such as the effective refractory period or the conduction velocity in
the ventricular response. However, the role of some important characteristics
of the atrial activation pattern cannot be evaluated. Specifically, the
peakedness and the degree of asymmetry of a distribution of AA intervals may
modify the ventricular response pattern. And more importantly, the possible
presence of certain temporal organization in atrial wavelets, which indicates
that atrial activation during AF is not entirely random [124, 72, 125] may
influence the variability of RR interval series. In this study, we describe a
methodological architecture for the generation of realistic AA intervals
following a suitable PDF and with a desired autocorrelation function.
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Specifically, we have chosen the Type IV Pearson distribution which allows for
varying degrees of skewness and kurtosis independently of mean and standard
deviation moments [126, 127, 128, 129, 130, 131] and thus it is well suited for
modeling many biological applications where distributions of interest are often
asymmetric and have extensive tails.
This chapter is organized as follows: first, the methodology for the
generation of AA intervals with selected values for mean, standard deviation,
kurtosis, skewness and with specific autocorrelation functions is presented.
The accuracy of the presented methodology to generate realistic AA interval
series is tested and compared to other distributions used in the literature.
Finally, the role of each statistical characteristic of the AA interval series in
the ventricular response during AF is illustrated by using a mathematical
model of the AV together with realistic atrial activation sequences generated
by using the presented methodology.
5.2 Methods
5.2.1 Methodology for Generating Atrial to Atrial
Interval Series
Realistic AA intervals can be synthesized by first generating a random series
with a desired PDF and then forcing the series to present a given autocorrelation
function. Both the PDF of choice and the autocorrelation introduced should
emulate the process of arrival of atrial impulses to the AV node. In the literature,
Poisson and Gaussian distributions have been used to model the PDF of AA
intervals during AF. In a Poisson distribution all its statistical moments are
determined by a single parameter (λ and thus statistical characteristics of the
distribution (i.e. mean, standard deviation, skewness and kurtosis) cannot be
set independently. In the case of a Gaussian distribution, the mean and the
standard deviation can be set independently, but the kurtosis and the skewness
have constant values, (i.e. 3 and 0 respectively).
The Type IV Pearson distribution allows for varying degrees of mean,
standard deviation, skewness and kurtosis, and so is ideally suited for many
applications in which distributions of interest are asymmetrical and have
extensive tails. This is the case of several biological phenomena and in
particular of the AA interval series during AF. The expression of Type IV
Pearson distribution is given by [126, 127, 128, 129, 130, 131]:













where µ1 and µ2 are shape parameters which jointly determine the degree of
skewness and kurtosis of the distribution, and µ3 and µ4 are scale and location
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parameters. These four parameters characterize the distribution and uniquely
determine the first four moments of the distribution (mean, variance, skewness
and kurtosis) [127, 130]:
µ1 = (r + 2)/2 (5.2)
µ2 =
−r(r − 2)Sk√
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(5.6)
and M , V , Sk and K are respectively the mean, variance, skewness and
kurtosis of the distribution. The normalization parameter C depends on µ1, µ2









which can be computed via numerical integration [127]. Note that Type IV
Pearson distribution requires the following condition to be satisfied [128]:
0 < k =
Sk
2(K + 3)2
4(4K − 3Sk2)(2K − 3Sk2 − 6)
< 1 (5.8)
Once a closed-form of the desired distribution is chosen and its statistical
moments are set to resemble realistic AA series, random series following this
distribution can be computed from uniform random series, as described by
Devroye [132] and Nagahara [133]. This process is illustrated in Fig. 5.1. The
computed AA series is thus a sequence of uncorrelated AA intervals with the
desired PDF. Correlation among AA intervals can be introduced by filtering






where c is the desired autocorrelation coefficients and AAc is the generated
AA interval series.
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Figure 5.1: Schematic representation of the procedure used to generate realistic
AA interval series during Atrial Fibrillation. Type IV Pearson Distribution
(characterized by mean, standard deviation, skewness and kurtosis) is used to
generate a pseudo-random uncorrelated AA series (AAu). The output of the
generator is convoluted with a given autocorrelation function in order to obtain
the desired AAc interval series.
5.2.2 Comparison with real AA interval series
In order to demonstrate the accuracy of the presented methodology in generating
realistic AA interval series, endocardial electrograms recorded during AF were
used. Statistical characteristics of real recordings (AAr) were used as input
parameters for the generation of synthetic AA interval series (AAc) and finally,
similarities between AAr and AAc were evaluated.
Specifically, bipolar endocardial electrograms were obtained in 10 patients
during AF prior to radiofrequency ablation for the termination of the arrhythmia
1. For each patient, endocardial recordings from the right and left atrium were
obtained. Atrial activations were automatically detected from the recordings by
using the methodology presented by Faes et al. [134]. Briefly, after electrogram
filtering, threshold levels were set to detect atrial activations. A total of 20 AA
interval series were used to test the presented AA generator. In order to develop
the analysis independently from the mean AA interval, only the first 2000 AA
intervals of each recording were used.
Accuracy of Type IV Pearson distribution in modeling the PDF of real AA
interval series was measured by means of the Kullback-Leibler distance [135]
and compared with that of Gaussian and Poisson distributions.
In order to estimate the ability of the presented methodology to generate
realistic AA interval series, statistical parameters of recorded AA intervals
(AAr) were used as inputs for constructing synthetic AAc series. Differences
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between statistical measurements extracted from the generated AA series
(AAc) and those extracted from real AA interval series (AAr) were compared
by linear regression. Also, a paired, two-tailed Student’s t-test (p¡0.05) was
used to evaluate the dissimilarity of each measurement pair. SPSS 16.0 (SPSS
Inc., Chicago, Illinois) was used for the analysis. In addition, standard and
bidimensional histograms (so-called Lorenz or Poincaré plots [109]) of real and
generated AA interval series (i.e. AAr and AAc) were displayed and visually
compared.
5.2.3 Role of Statistical Characteristics of the Atrial to
Atrial Activity in the Ventricular Response during
AF
Finally, the influence of each statistical characteristic of the AA interval series
on the ventricular response during AF was illustrated by using a mathematical
model of the AV node together with the realistic atrial activation sequences
generated by using the presented methodology. Specifically, the mathematical
model of human AV nodes proposed by Mangin et al. was used [73]. This
mathematical model estimates the atrioventricular conduction time of a specific
atrial beat (Ai+1) by means of the so-called AV nodal recovery curve which was
approximated by an exponential function:






where AVi+1 is the conduction time for the atrial beat Ai+1, AVmin is the
minimum conduction time corresponding to the propagation in full recovery
tissue, α and τ are positive constants, AiAi+1 is the atrial to atrial interval
measured from the last conducted beat Ai to the testing beat Ai+1 and AVi is
the atrioventricular conduction time of the last conducted beat. In this model
an atrial beat is considered to be blocked if it reaches the AV node during its
refractory period. This refractory period is set to a constant value θ which is
incremented by a random quantity ∆. In this study, we have set the
parameters of the model to the midpoint of their physiological values
[72, 73, 70] (AVmin=50ms, α=200ms, τ=100ms, θ=200ms and ∆ a random
number with mean 50ms and standard deviation 50ms).
In order to evaluate the separate effect of each statistical property of the
AA interval series on the ventricular response, we generated sets of AA series
in which one parameter (mean, standard deviation, skewness, kurtosis or
autocorrelation) was variable in a physiologically feasible range and the




5.3.1 Accuracy of Pearson Type IV distribution
In Fig. 5.2, a fit of Poisson, Gaussian and Pearson Type IV distributions to a
real AA series during AF is illustrated. Both Gaussian and Poisson
distributions were less accurate than the Pearson Type IV PDF. Measurement
of the Kullback-Leibler distance in all evaluated AA series confirms this
observation, as summarized in Table 5.1. The distances between fitted Type
IV Pearson distributions and real data were significantly shorter than those
measured for Gaussian or Poisson distributions (p<0.001). Notice that the
condition for Type IV Pearson Distribution adjustment in eq. 5.8 was always
satisfied.

















Figure 5.2: Probability distribution of a real AA interval series and a fitted
synthetic function. Poisson, Gaussian and Pearson Type IV distributions are
plotted.




Pearson Type IV 0.025±0.011
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5.3.2 Accuracy of Generated AA interval series
In Fig. 5.3, an example of a real AA interval series (AAr) recorded in the
left atrium and the AAc series generated using its statistical parameters are
depicted. As it can be noted, although the specific AA interval values are
different, similar AA interval histograms (panels B), bidimensional histograms
(panels C) and autocorrelation coefficients (panels D) were obtained.
In Fig. 5.4 the analysis of the whole database is shown. Statistical
parameters of recorded AAr interval series and their corresponding synthetic
AAc interval series for all recordings are depicted (i.e. mean, standard
deviation, skewness, kurtosis, 1st and 2nd order autocorrelation coefficients).
There was a significant correlation between all real and generated statistical
parameters (R2 > 0.92, p<0.01).
Although all recordings were acquired during AF, there was a wide range of
variation of each parameter, which demonstrates that statistical parameters of
AA series are not homogeneous. Skewness was higher than zero in all analyzed
patients and ranged from 0.06 to 2.24 (p<0.01), and kurtosis was higher than
3 in all analyzed recordings and ranged from 3.28 to 13.27 (p<0.01).
The results of autocorrelation analysis are illustrated in Fig. 5.4. Although
autocorrelation coefficients up to the fifth order were used for the generation of
AA interval series, none of the analyzed recordings presented 3rd to 5th order
coefficients higher than 0.2. For this reason, only 1st and 2nd order
autocorrelation coefficients are illustrated. AAr series were not uncorrelated,
since in 40% of the analyzed recordings AA intervals presented a significant
dependency with the previous AA interval (displaying a 1st order
autocorrelation coefficient higher than 0.2). Again, measured autocorrelation
coefficients were not homogeneous in our database which reflects that different
degrees of temporal organization exist in AF patients. Specifically, the range
for 1st and 2nd autocorrelation coefficients was -0.03 to 0.46 and -0.02 to 0.28
respectively.
5.3.3 Role of Statistical Characteristics of the AA series
in the Ventricular Response during AF
In Fig. 5.5, histograms corresponding to different sets of AA series are illustrated
in which only one statistical parameter of the series was varied. Notice that
two RR populations appear in RR histograms which correspond to multiples
of the mean atrial rate while the overall shape of the histogram depends on
several statistical characteristics of the AA series. The mean value of the AA
series has a great impact on the shape of the RR histogram, as panel A shows,
modifying both the location of the dominant populations and the number of
occurrences of each population. For fast atrial rates, higher multiples of the
mean AA occur with a higher probability (i.e. 2nd and 3rd multiples), whereas






















































































































Figure 5.3: Comparison between real (left) and generated (right) AA interval
series. AA interval series (A), Standard Histogram (B), Bidimensional
Histogram (C), Autocorrelation coefficients (D).
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Figure 5.4: Relationship between statistical parameters of recorded AA interval
series and generated AA interval series.
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and for an intermediate mean AA value both multiples present a similar number
of occurrences. The standard deviation of the AA series is reflected in the
width of each RR population, as shown in panel B. In order to increase the
values of the standard deviation, the depth of the valley between both RR
populations is decreased, and thus identification of both populations is more
difficult. Skewness and kurtosis of the AA series also influence the shape of the
RR histogram, as can be seen in panels C and D. Finally, in panel E, the effect of
the autocorrelation of the AA interval series in the ventricular response is shown.
Therefore, increasing values of autocorrelation are reflected in a decreased valley
between both dominant RR populations.
5.4 Discussion and Conclusion
5.4.1 Main Findings
This paper develops and presents a novel methodology for the generation of
realistic AA interval series during AF. The presented methodology allows the
generation of realistic AA interval series with a desired PDF and autocorrelation.
We have shown that generated AA series resemble real AA series in terms of
their PDF, histogram, Poincaré plot and autocorrelation values.
In addition, we have illustrated the applicability of the present methodology
in the study of the ventricular response during AF. We have shown that the
characteristics of atrial activity have a great influence on ventricular response.
Multiple peaks can be observed in simulated RR histograms, similarly to the RR
histogram patterns observed in human recordings. These peaks appeared to be
multiples of the mean AA interval and dominance of a particular multiple. The
shape of the histogram may also depend on several factors, including the mean
atrial rate, its standard deviation, skewness and kurtosis or its autocorrelation.
5.4.2 Comparison with other studies
In the literature, several AA series generators have been used with different
purposes: testing of AV node models, generation of RR intervals or simulation
of AF in animal experiments [67, 94, 74, 123, 71]. These simple AA generators
do not reproduce some statistical properties of real AA series during AF (i.e.
shape of the PDF or autocorrelation) and thus their use is limited to certain
applications. In particular, they are not well suited for the study of the detailed
response of the AV node during AF, since the conduction properties of the AV
node depend strongly on the history of previously arrived impulses.
The shape of the PDF of AA interval series can be accurately modeled by a
Type IV Pearson distribution, which has already been used to approximate the
sum of lognormal variables in communication areas [126, 128, 129, 131]. Type IV
Pearson distribution is more versatile than other distributions previously used





















































































Effect of mean valueA
Figure 5.5: RR interval histograms illustrating the role of each statistical
parameter of the AA interval series in the ventricular response during AF. The
same mathematical model of the AV node was used for all simulations. For the
analysis of each parameter (e.g. mean, standard deviation, skewness, kurtosis
and autocorrelation) all the other parameters were fixed to mean physiological
values parameters (e.g. mean=155ms, std=22ms, skewness=1.1, kurtosis=8,
autocorrelation coefficients=[1 0.21 0.07 0.05 0.01]). (See text for more details).
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for modeling AA interval series and, as expected, has resulted in more accurate
results than Gaussian and Poisson PDFs to adjust AA interval series during
AF (see Fig.5.2 and Table 5.1). In addition, previously reported, synthetic
AA series generators assumed that AA series are uncorrelated, based on the
consideration of AF as a completely random phenomenon [67, 74, 71]. However,
different degrees of local and/or transient organization have been observed by
us (Fig. 5.4) and some other experimental studies [124, 72, 125]. This temporal
organization is reflected in a certain degree of autocorrelation in the series and,
as we have shown, it may be of importance to modify the ventricular response.
5.4.3 Limitations
In this study, a method for generating synthetic AA interval series is
presented. However as with any other model, it is inherently inexact and some
limitations should be pointed out: 1) adjustment of the PDF to a Type IV
Pearson Distribution requires the condition in Eq. 5.8 to be satisfied. This
condition may not apply when attempting to synthesize AA series during
organized arrhythmias such as atrial flutter. In this case, a different
probability density function should be employed, but the overall methodology
may be valid. 2) Dependence of AA intervals on preceding intervals is
introduced in an uncorrelated series by applying the filtering method described
in Eq. 5.9. This algorithm is appropriate for generating series with a given
autocorrelation function with a limited number of non-zero coefficients, such
as those observed during AF. However, in cases where a larger number of
non-zero autocorrelation coefficients is needed, other methods may be more
suitable [136, 122]. 3) Statistical parameters derived from AA series during
AF have been assumed to be time invariant. However, many authors have
reported temporal variations in AA interval series which can be gradual or
sudden [121, 137, 138]. These variations could be emulated by concatenating
generated AA interval series with different statistical parameters. In fact, an
extension of this work might involve the comparison of the presented
methodology with longer recordings (i.e. 24 hours) although endocardial or
epicardial recordings of more than 5-6 hours are not currently available.
Finally, the mathematical model of the AV node used to evaluate the role
of the AA interval series in the ventricular response during AF demonstrated
its ability to predict AV time in human recordings [73]. However, it does not
incorporate some AV characteristics that may play a relevant role in the
atrioventricular conduction such as the dual AV node physiology [139]. Since
conduction curves measured in previous studies from human AV nodes do not
model multiple pathways separately we have introduced the effect of dual AV
node physiology in our study.
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5.4.4 Clinical Applications
This study presents a versatile methodology for generating realistic AA
interval series during AF. For the first time, synthetic AA series present
statistical properties (including kurtosis, skewness and autocorrelation) found
in real AF recordings. AA series generated by using the present methodology
can be applied to the study of the mechanisms related with the ventricular
response during AF and the role of the atrial fibrillatory process in
atrioventricular conduction. A deeper understanding of the AV conduction




Model of Dual Pathway AV
Nodal Conduction1
6.1 Introduction 6.4 Discussion and
6.2 Materials and Methods Conclusions
6.3 Results
Dual AV nodal pathway physiology is described as two different wavefronts
that propagate from the atria to the His bundle: one with a longer effective
refractory period (ERP) (fast pathway, FP) and a second with a shorter ERP
(slow pathway, SP). By using His electrogram alternance (HEA), we have
developed a mathematical model of atrioventricular conduction that
incorporates dual AV nodal pathway physiology. Experiments were performed
on 5 rabbit atrial-AV nodal preparations to develop and test the presented
model. HEAs from the inferior margin of the His bundle were used to identify
fast and slow wavefront propagations. The ability to predict AV conduction
time and the interaction between FP and SP wavefronts have been analyzed
during regular and irregular atrial rhythms (e.g., atrial fibrillation, AF). In
addition, the role of dual AV nodal pathway wavefronts in the generation of
Wenckebach periodicities has been illustrated. Finally, atrioventricular node
ablative modifications have been evaluated. The model accurately reproduced
interactions between FP and SP during regular and irregular atrial pacing
1Chapter based on the manuscript: Andreu M. Climent, M. Salud Guillem, Youhua Zhang,
Jose Millet and Todor N. Mazgalev. Functional Mathematical Model of Dual Pathway AV
nodal Conduction. Am J Physiol Heart Circ Physiol. 2011 Apr;300(4):H1393-401
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protocols. In all experiments specificity and sensitivity higher than 85% were
obtained in the prediction of the pathway responsible for conduction. It has
been shown that during AF the SP ablation significantly increased the mean
HH interval (204±39 versus 274±50 ms, p>0.05), whereas FP ablation did not
produce significant slowing of ventricular rate. The presented mathematical
model can help in understanding some of the intriguing AV node mechanisms
and should be considered as a step forward in the studies of AV nodal
conduction.
6.1 Introduction
The Atrio-ventricular (AV) node is a small region of the heart that governs the
relation between atrial and ventricular activations. During normal sinus
rhythm relatively slow conduction along the AV node causes a delay between
atrial and ventricular activations and allows an efficient pumping of blood.
This reduced conduction velocity is adjusted according to the atrial rate: when
the time between two atrial activations (AA) is long, the conduction velocity
of the node is higher; when the AA is short, the AV node conduction time
increases. This behavior is usually expressed by so-called conduction curve
[76, 67, 64, 65, 74, 140, 73, 69, 70]. However, the behavior of the AV node
under certain pathological conditions is complex and not well understood.
During atrial tachyarrhythmias such as atrial flutter (AFL) or atrial
fibrillation (AF) the time between two atrial activations is shorter than the
refractory period of AV nodal cells. Consequently, the AV node works as a
filter, blocking some atrial activations and limiting the number of ventricular
beats. The way in which this natural filter works, and how it could be used to
perform efficient ventricular rate control therapies, remains beyond the scope
of the simple conduction curve.
One of the intriguing properties of the AV conduction is the so-called dual
pathway AV node electrophysiology [23]. This term is used in reference to
two different wavefronts that propagate in tandem from the atria to the His
bundle [28, 13, 23], one with a shorter effective refractory period (ERP) and
another with a longer ERP (i.e. slow and fast pathways respectively, from
now SP and FP). Although this phenomenon was described during 1950s by
Moe and collaborators [25, 23], the role that fast and slow wavefronts play in
the conduction from the atria to the His bundle still remains debatable. In
fact, the evaluation of their individual impact on the AV nodal conduction was
ambiguous since the pathway responsible for the conduction of a particular
beat could not be identified. Recently Zhang et al. have introduced the His
Electrogram Alternance (HEA) [44, 45, 46], a recording technique which allows
the identification of the dominant pathway and consequently the evaluation of
the role of each pathway during AV nodal conduction.
By analyzing different stimulation protocols along with the HEA, we have
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developed and tested a functional mathematical model of the atrioventricular
node that includes dual pathway physiology. In this manuscript the model has
been detailed and used to explain some of unclear phenomena related to AV
nodal conduction. Specifically, the model has been used to illustrate the role
of dual AV nodal pathway wavefronts and their interaction in the generation of
paradigmatic Wenckebach periodicities [141, 142, 143]. In addition, the model
was used to predict the filtering behavior during irregular atrial rhythms such as
AF. Moreover, atrioventricular node modifications (i.e. destructive impairment




Experiments were performed on 5 New Zealand White rabbits (Harlan,
Indianapolis, IND). Atrial-AVN preparations were instrumented as described
previously [44]. Briefly, after anesthesia with sodium pentobarbital (50mg/kg),
the heart was removed, placed in a glass chamber, and superfused with
modified oxygenated Tyrode’s solution at 36C, a pH of 7.3 to 7.4, and a flow
rate of 35mL/min. After trimming, the final preparation contained the
triangle of Koch and the surrounding right atrial and ventricular tissues [44].
Bipolar leads (0.2mm spacing) were custom-made from 125-µm Ag-AgCL
Telfon-isolated wire and used to record atrial electrograms at the crista
terminalis and interatrial septum, as well as for atrial pacing. Roving bipolar
electrodes were used to record inferior His electrograms as reported previously
12. All electrodes were positioned with micromanipulators (WPI, M330). An
8-channel, programmable stimulator (AMPI, Master-8) was used for pacing.
The recorded signals were amplified and filtered at 50 to 3000 Hz (Axon
Instruments, CyberAmp 380), saved on tape (Vetter Digital, 4000A), and later
digitized by AxoScope (Axon Instruments) at 5kHz per channel.
This study was approved by the Institutional Animal Research Committee
and is in compliance with the ”Guide for the Care and Use of Laboratory
Animals” published by the National Institutes of Health (Publication #85-23,
revised 1996).
6.2.2 Experimental Pacing Protocols
The time for a given (test) atrial impulse to transverse the node and reach
the His bundle (AV nodal conduction time) is primarily dependent on the so-
called atrial coupling interval. This is the time interval between the test atrial
beat and the beat immediately preceding it. Thus as this coupling interval
shortens, the AV conduction time of the test atrial beat prolongs. However,
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this fundamental property is further modified by the impact of pre-preceding
atrial beats (so-called conduction history).
In view of such complexity of the conduction properties of the AV node,
standardized atrial pacing protocols have been developed and widely used in
both experimental and clinical studies of the AV node. One of the most
frequently used is the so-called A1A2A3 stimulation protocol (Fig. 6.1). It
requires the atrium to be paced at a constant base-rate for 10 beats with a
fixed coupling interval A1 − A1 in order to establish a ”steady-state” status.
After the last beat A1 a ”conditioning” atrial stimulus A2 is introduced
(coupling interval A1 − A2), followed finally by the test-stimulus A3 (coupling
interval A2 − A3). The sequence A1.A1 − A2 − A3 is repeated multiple times,
each time with progressively shorter A2 −A3 coupling intervals.
The atrial electrograms resulting from this pacing protocol are recorded
simultaneously with the bundle of His electrograms and the AV nodal
conduction time of each atrial beat is determined as AxHx, where x=1, 2, or
3. The most important variable in this procedure is the test conduction time
A3H3, which is plotted against the corresponding atrial coupling intervals
A2A3.
The programmed pacing protocol consisted of construction of four
conduction curves A3H3 = f(A2A3) per experiment, each corresponding to
one of the 4 conditioning intervals A1A2 (used as constant parameters). The
A1A2 intervals were 300, 200, 150 and 125 ms. Thus the pacing paradigm
consisted of perpetual (daisy-linked) cycles. Each cycle started with 20 A1A1
beats (A1A1=300 ms), followed by the A1A2 beat, followed by the A2A3
interval (starting at A2A3=300 ms). The next cycle continued with same 20
A1A1 and A1A2 beats, but A2A3 was shortened to 295 ms. In this fashion an
entire conduction curve was generated until A2A3 reached the effective
refractory period and AV block ensued. The next conduction curve was
generated in similar manner for A1A2 =200 ms, and so-on.
While simpler pacing protocols (for example without the ”conditioning”
stimulus A2) have been used for brevity especially in clinical studies, they do
not permit proper evaluation of the impact of conduction of earlier atrial beats
on the ”test” beat. In addition to the programmed A1 − A2 − A3 pacing
protocol used to construct AV nodal conduction curves, we have employed fast
regular atrial pacing with A-A coupling intervals from 200 ms to 100 ms (300
to 600 bpm). This protocol permitted evaluation of Wenckebach periodicity, a
conduction pattern where AV nodal conduction time progressively increases
from beat to beat until block occurs [146]. Finally, atrial pacing at fast but
random rates was used to mimic AV nodal conduction during atrial fibrillation
[115].
The above described procedure for generating the conduction curves was
completed in 15-20 minutes. The subsequent experimentation (e.g., rapid atrial
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Figure 6.1: Schematic presentation of atrial and ventricular activation periods
and the atrioventricular conduction time. In panel A, an A1A2A3 stimulation
protocol without blocked beats, and in panel B conduction with a blocked atrial
activation (A2*) are illustrated. The model utilized similar A1A2A3 stimulation
protocol and was developed from rabbit-heart experimental database and ”real”
AV nodal conduction curves A3H3 = f (A2A3) like those shown in panel C
(rabbit # 3). The conditioning prematurities A1A2 (300, 200, 250, and 130 ms)
are shown in the inset.
78 CHAPTER 6. MODEL OF DUAL PATHWAY AV NODE
described later, etc) was completed in less than 2 hours. At the end, a basic
conduction curve was constructed (with A1A2=300ms) and compared with the
initial one to ensure no deterioration of the preparation (e.g., mean conduction
time variation 6.7+2.1ms).
6.2.3 Differentiation between Conduction Via ”Slow” and
”Fast” AV Node Pathways
The phenomenon of His-electrogram alternans has been previously described
and validated as a reliable index of dual pathway electrophysiology
[44, 45, 46]. Specifically, a characteristic sudden change in the signal
amplitude occurs when conduction ”switches” from ”fast” to ”slow” pathway.
When bipolar recordings are made from the inferior His bundle domain, the
fast pathway (FP) is associated with low-His amplitudes, and pronounced
amplitude increase heralds the transition to ”slow” pathway (SP) conduction.
The change in amplitudes is typically several-fold and can easily be detected
when applying either programmed pacing protocols with variable atrial
prematurities, or during fast atrial rates including atrial fibrillation. We have
used the His-electrogram alternans to assign each conducted beat observed in
the rabbit heart experiments to the corresponding AV nodal pathway during
programmed pacing, fast atrial rates, or atrial fibrillation.
6.2.4 Mathematical Model of an AV Nodal Pathway
The mathematical model developed in this study is based on the rabbit
experiments utilizing the above described pacing protocol. The model
described below was used for description of either the FP or the SP with
constants specific for each of them. Typically, the conduction curve of the
intact AV node had been fitted to an exponential function
[67, 64, 65, 74, 73, 69, 70]. The following expression represents the test
conduction time A3H3 as a function of the test atrial coupling interval A2A3
and the preceding conduction time A2H2:






where AHmin is the minimum observed time for an atrial activation to reach
the His bundle, observed at very slow atrial rates; τrec is AV nodal recovery
period, which is related to the effective refractory period of the nodal cells; β is
a modulating factor.
The recovery period τrec is not set to a constant value since the effective
refractory period of nodal cells depends on the activation rate [147]. The
recovery period was modeled by the following expression:






where γ1, γ2 and γ3 are constants whose values are different for each pathway.
Finally, the modulating factor β was modeled as follows:
β = λ1 · (A2H2)2 + λ2 ·A2H2 + λ3 (6.3)
where λ1, λ2 and λ3 are constants which depend on the pathway. Although
previous studies have proposed a formulation of the β modulation factor as
dependent only on the base rate A1A2 [70], the formulation proposed in our
model fitted better to the experimental data, in part because conduction
history (including both A1A1 and A1A2 coupling intervals) is directly reflected
in conduction time A2H2.
6.2.5 Incorporation in the Model of ”Concealed”
Conduction
Equations 6.1-6.3 are used as a first estimate of the conduction time for an
atrial stimulus through a single AV nodal pathway. However, if the estimated
conduction time is longer than a physiological maximum conduction time
(AHmax), then the pathway is considered blocked. The parameter AHmax was
specific for each pathway and was derived from the experimental data during
fast atrial rates as the longest AV conduction time associated with either the
FP or the SP.
When an atrial stimulus fails to be conducted it is marked A2* (Fig. 6.1B).
Its effect on the test beat A3 depends on the degree of penetration
(concealment) of the A2* beat into the pathway. Specifically, if the
propagation wavefront initiated by A2* is blocked near the atrial (proximal)
side of the pathway, its effect on the subsequent conduction time A3 − H3 is
lesser than if A2* has been blocked distally (closer to the bundle of His). This
postulate reflects an important AV nodal physiological property during
”concealed” conduction: a proximal A2* block, at the same value of A2*A3,
permits longer diastolic pause and thus fuller recovery for all distal cells, which
leads to relatively better (faster) conduction A3H3 compared to the case of a
deeper A2* penetration (or ultimately a full A2H2 conduction).
In the model, the degree of A2* penetration is computed by using equations
6.1-6.3, where the activation time A2H2 is replaced by a ”virtual” conduction
time A2*H2:








where c1, c2 and c3 are constants and A1A2* is the coupling interval for the
blocked beat A2* (Fig. 6.1B). The term ”virtual” indicates that, in fact, there
is no H2 electrogram since A2* is a blocked beat. However, as it follows from
eq. 6.4, a longer A1A2* coupling interval (associated with deeper penetration)
80 CHAPTER 6. MODEL OF DUAL PATHWAY AV NODE
results in larger A2*H2 value, which in turn (see eq. 6.1) leads to longer test
conduction time A3H3.
6.2.6 Description of the Dual Pathway Structure
For each rabbit, both FP and SP AV nodal conduction were modeled using
equations 6.1-6.4 with constants fitted for each pathway. In this manner, two
different A3H3 conduction time functions were computed: A1AFP3 and
A1A
SP
3 . As illustrated in Fig. 6.2, for modeling purposes we used a simple
Y-shaped structure to represent the SP and FP starting at the atrium and
converging into a ”final common pathway” that reaches the bundle of His.
Such schematic presentation, while admittedly simplistic, is very close to the
original description of the rabbit dual pathway physiology [25, 23] and permits
an easy differentiation: the model ”decides” which is the dominant pathway by
determining the shorter of the two conduction times A1AFP3 and A1A
SP
3 for a
specific atrial beat. Depending on atrial coupling intervals sequence
A1 − A2 − A3, the leading wavefront can be the FP (Fig. 6.1A, D), or the SP
(Fig. 6.1 B, C). In the real rabbit experiments the presence of FP or SP
conduction is confirmed by the His electrogram alternans (Fig. 6.2): His
electrograms with high-amplitudes indicate SP conduction, whereas low-His
amplitudes are associated with FP conduction.
As evident from the Y-structure (Fig. 6.2), the leading wavefront could
retrogradely invade the pathway with the longer calculated A3H3 (Fig. 6.2 A,
B), thus colliding with and annihilating the later wavefront. A wavefront can
also be blocked in either pathway at an atrial coupling interval encroaching on
the pathway’s effective refractoriness (Fig. 6.2 D, E). After a complete block of
the AV node, the conduction pattern in the subsequent beat would depend on
the degree of penetration of each wavefront in the corresponding pathway, as
modeled by eq. 6.4. Accordingly, each of the scenarios shown in Fig. 6.2 A-E
may be possible for the beat following an AV nodal block.
6.2.7 Calculation of Model’s Constants
Constants of the model were determined for each of the dual pathways by
using the experimental AV nodal conduction curves as well as the data
obtained with regular atrial pacing. All experimentally observed conduction
times were considered in tandem with the His electrogram of the
corresponding beat in order to delineate conduction via the FP or SP based on
His alternans (Fig. 6.3). Thus, AHmin of the AV node was defined as the
minimum AH time typically observed at base-rate pacing. AHmax of the FP
and SP was defined as the maximum AV nodal time measured during rapid
atrial rate stimulation protocol, and associated with low and high His
amplitudes, respectively. Similarly, the parameters β and τrec were estimated
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Figure 6.2: Illustration of different conduction interaction scenarios between
fast and slow pathway propagations in a simplified Y-shaped atrial-AVN-His
structure. Black arrows indicate fast pathway (FP) whereas gray arrows indicate
slow pathway (SP) wavefront. In panel A, typically at long atrial coupling
intervals, FP wavefront activates the His bundle and a retrograde wavelet meets
and blocks the later SP wavefront. Similarly, in panel B, typically at short atrial
prematurities, SP conduction reaches the His bundle and a retrograde wavelet
blocks the later FP. In panel C, the FP wavefront is stopped upon encountering
refractory tissue whereas the SP wavefront reaches the His bundle. In panel D,
a similar situation is depicted for the SP wavefront. In panel E, both FP and
SP wavefronts are blocked due to refractoriness at atrial prematurity defined as
AV node effective refractory period.
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conduction curve activations with either low or high His electrogram. Since a
family of conduction curves was generated with different conditioning cycle
length A1A2, a large-scale curve fitting algorithm based on the
interior-reflective Newton method [148, 149] was used to estimate β and τrec,
thus having as many values of β and τrec as different A1A2 cycles were used.
For each pathway, computed β values were then used to estimate λ1, λ2 and
λ3 constants in eq. 6.2 whereas computed τrec values were used to estimate γ1,























































Figure 6.3: In the left panels model conduction curves for FP (black lines) and
SP (gray lines) conduction with different A1A2 conditioning intervals (inset) are
shown based on data points (dots) derived from rabbit # 2. In the right panel
a composite conduction curve for the intact AV node is shown (A1A2=150ms).
Note that experimental data points are assigned to FP (black) and SP (gray)
according to His-alternans index: the FP conduction is associated with low-
amplitude His electrograms, while SP conduction results in high-amplitude His
electrograms (see top trace). The transition from FP to SP was observed at
A2A3 = 226 ms (arrow).
Protocols with fast regular atrial pacing rate that lead to AV blocks but at
the same time resulted in exclusive either FP or SP propagation were used to
estimate constants in eq. 6.4, which models the concealed conduction. For each
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experimental case, the A3H3 conduction time measured for the beat following
a blocked stimulus was used to estimate the ”virtual” conduction time A2*H2
that would have resulted in the measured A3H3 according to eq. 6.1. The
calculated A2*H2 values were then used to fit the constants c1, c2 and c3 (eq.
6.4) by least squares fitting. This procedure was applied separately for each
pathway.
6.2.8 Validation of the Model
In order to determine the fitting quality of the model, the protocols used during
the rabbit experiments were reproduced in the model. Root mean squared error
was measured to estimate the difference between experimental and modeled
conduction curves. This test showed, in effect, how well the equations and the
calculated model constants reflect the experimental database.
In order to validate the functional performance of the model we executed
two additional tests, independently in the animal preparations and in the AV
nodal model. First, atrial pacing was used that, within a range of AA intervals,
produced Wenckebach periodicity in the animal experiments with conduction
pattern indicating FP and SP conduction alternations. The same protocol was
then applied to the model. Second, a sequence of 200 irregularly distributed
atrial AA intervals were used for pacing that mimics atrial fibrillation. In both
cases, we established the goodness of the model to predict the AV nodal pathway
used for each atrial beat as well as the value of the experimentally measured
conduction times.
6.3 Results
6.3.1 Conduction Curve Fitting and Model Equation
Constants
In all rabbits, depending on atrial coupling intervals, two distinct (low and high)
amplitudes, were detected in the inferior His electrogram recordings identifying
the FP and SP conduction, respectively (Fig. 6.3, right panel). Therefore, both
pathways could be modeled in each experiment. Constants of the model were
calculated for each rabbit heart and are summarized in Table 6.1. As expected,
AHmin and AHmax of the FP were always shorter than the AHmin and AHmax
of the SP, respectively.
As seen in Fig. 6.3 from one rabbit heart, the model-derived conduction
curves (left panels, solid lines) closely approximated the experimentally
observed data points. The model-generated curves based on data for the FP
(corresponding to low-His amplitudes) are shown in black, and those for the
SP (corresponding to high-His) are in gray. Each pathway was modeled as an
exponential curve and the transition from FP to SP conduction is clearly
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Table 6.1: Values of constants for the models of FP and SP in each rabbit heart.
FAST PATHWAY
Rabbit AHmin AHmax λ1 λ2 λ3 γ1 γ2 γ3 c1 c2 c3
1 61 87 0,001 -0,31 163 83 107,7 61,85 189 165 116
2 67 92 0,009 -2,82 339 48,3 10 1,31 295 20 185
3 66 108 0,013 -2,76 335 56,28 102,3 8,33 161 5334 22
4 77 115 0,019 -5,87 622 66,48 92,3 3.35 502 632 183
5 57 79 0,001 0,07 75 75,67 186 54,46 320 492 94
SLOW PATHWAY
Rabbit AHmin AHmax λ1 λ2 λ3 γ1 γ2 γ3 c1 c2 c3
1 83 175 0,2 -42,98 2466 25,76 56,38 3,72 172 362 96
2 86 182 0,121 -28,55 1826 32,23 51,67 1,8 195 20 185
3 83 171 0,046 -10,43 688 37,93 34,62 2,23 165 19140 18
4 97 178 0,005 -1,7 244 39,25 164 43,35 181 130000 8
5 69 135 0,1 -23,09 1611 27,11 50 1,13 280 492 94
All constants were determined by using the experimental pacing protocols and
data (see text for more details).
indicated upon superposition (right panel) by the crossover of the 2 curves at
some critical prematurity A2A3 (arrow). For longer A2A3 the FP was
”predominant” since its conduction times were shorter. In contrast, for shorter
A2A3, the shorter SP conduction times determined its predominance. In
humans the transition between FP and SP conduction is frequently (although
not always) associated with a characteristic interruption (”jump”) in the
conduction curve [150, 24]. In the rabbit heart the conduction curves are
rather smooth, although the transition between the dual pathways could still
be visually detected (Fig. 6.3, right panel).
We have model-generated FP and SP curves for each rabbit heart using
identical pacing protocols with the real animal experiments. Typically 4 pairs
of conduction curves (corresponding to the conditioning A1A2 prematurities)
were generated for each heart (Fig. 6.3, left panels) and then superimposed to
obtain the conduction curve of the ”intact” AV node (one such superposition
for A1A2= 150 ms is illustrated in Fig. 6.3, right panel). For all studied rabbit
hearts the root mean squared error of the FP and SP conduction times were
7±4ms and 3±3ms respectively. The A2A3 interval at which conduction changed
from FP to SP (Fig. 6.3, right panel, arrow) measured by the model coincided
with that obtained in the real experiments.
6.3.2 Validation of the Model in Predicting Wenckebach
Periodicity: Comparison with Rabbit AV Node
In Fig. 6.4A an example of regular atrial pacing at 160 ms that generate
Wenckebach periodicity and irregular HH intervals series for rabbit # 1 is
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illustrated. In this case, a 5:4 Wenckebach behavior is present (i.e. four out of
five atrial activations are conducted and one is blocked). The AV nodal
conduction times within the Wenckebach cycle progressively increased (110ms,
132ms, 143ms and 153ms) until the occurrence of block. Importantly, as
indicated by the amplitudes of the recorded His electrograms, the 1st atrial
stimulus after AV block was conducted via the FP (low-His) whereas the 2nd,
3rd and 4th atrial stimulus were conducted via the SP wavefront (high-His).
By applying the same atrial pacing series to the model, both the utilized
pathway and the correct AV nodal times were faithfully reproduced (panel A,













Figure 6.4: Panel A, schematic depiction of atrial and His electrograms
recorded during regular atrial pacing intervals that generated Wenckebach
phenomenon in an intact AV node (data from rabbit # 1). Note His-amplitude
alternans indicative for presence of FP and SP conduction. Panel B, atrial
and His electrograms during random atrial pacing in the same heart that
generated irregular atrioventricular conduction times (and therefore irregular
His distribution) with alternation between FP and SP conduction. In both
panels the predictions of the model for the same atrial pacing series are
illustrated in the traces below the real His electrograms.
An average of 17±3 Wenckebach recordings were obtained in each rabbit
experiment with a constant-rate atrial pacing with atrial coupling intervals
between 158±22 and 134±19 ms. In each experiment, in at least 3
Wenckebach series (average 5±2) there was evidence for conduction
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alternating between the FP and SP. When the same AA interval series were
applied to the model of each corresponding rabbit AV node, the correct AV
node pathway used in a particular beat of the Wenckebach series was
predicted 100% of times, and the root mean square errors of the calculated
conduction times via the FP and SP were 9±5 ms and 14±9 ms, respectively.
6.3.3 Validation of the Model in Predicting Atrial
Fibrillation: Comparison with Rabbit AV Node
In Fig. 6.4B, the participation of AV nodal dual pathways during an episode of
AF-like random atrial stimulation is illustrated (rabbit # 1). As seen from the
figure, the His electrogram alternans indicate that during irregular AA intervals
some beats propagated via the FP (low-His) while others utilized the SP (high-
His). Just like the randomness of the atrial beats, the FP and SP wavefront
occurred in a random order. This in part was reflected in the observation that
long (as well as short) HH intervals could terminate with either FP or SP His-
electrograms. In other words, it was not possible to deduct which pathway
was responsible for the conduction of a particular atrial beat by analysis of HH
intervals duration alone. Therefore, in general, the assumption that long HH
are due to FP conduction and short HH intervals are due to SP conduction [40]
may be incorrect. As it can be seen from Fig. 6.4B, the model estimation of
the involvement of dual AV nodal pathways during AF was highly accurate in
this experiment.
Similar percentage of FP and SP conductions during AF was found in 4 of the
5 cases, and only in one case we observed almost-exclusive SP conduction. Table
6.2 summarizes mean values of sensitivity and specificity of the mathematical
model in the prediction of the AV node response for a series of 200 random AA
interval series. In all cases a specificity and sensitivity higher than 85% were
obtained. Although SP conduction was more frequent (44%), the number of FP
and blocked beats (i.e. 29% and 27%, respectively) was significant during AF.
Table 6.2: Accuracy of model predictability for presence of FP and SP
conduction during atrial fibrillation.
N Specificity Sensitivity
FP conduction 57±21 96±2% 89±6%
SP conduction 89±15 93±3% 88±5%
Blocked conduction 54±9 93±3% 91±9%
N, number of beats. FP, Fast Pathway. SP, Slow Pathway.
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6.3.4 Model Predictions after Modifications of Dual
Pathway Electrophysiology
The AV nodal dual pathway electrophysiology is the basic mechanism underlying
the complexity of atrio-ventricular conduction and plays an important role in
the genesis and maintenance of various arrhythmias [151, 152]. Since the Y-
structure (see Fig. 6.2) of the atrial-ventricular connections could naturally
sustain re-entrant excitation, specific ablation procedures have been developed
clinically to modify dual pathways by impairing one or the other in an attempt
to interrupt the re-entrant circuit.
Since the ablation procedure is destructive and irreversible, experiments in
real hearts could employ either SP or FP modification, thus limiting an in-
depth study of AV nodal properties. The model offers the unique opportunity
to study the same AV node upon ”ablation” of either pathway in any order,
and to elucidate the conduction pattern during complex arrhythmias induced
by unlimited choice of pacing algorithms.
6.3.5 Selective AV Nodal Ablations and Wenckebach
Periodicity
Fig. 6.5 depicts an example in which a 5:4 Wenckebach periodicity was first
generated in the intact AV node model (panel A). By sequentially ”ablating”
in the model either the SP or the FP, the conduction patterns observed with
only FP (panel B) or SP (panel C) could be delineated. Note that in all cases,
as should be expected during Wenckebach periodicity, there was a progressive
increase of the conduction times AH in the cycle. However, the evolution of
HH-intervals was different. Within the Wenckebach cycle (i.e., before the
blocked beat) there was progressive prolongation of HH in the intact AVN and
in the AVN with only-SP (panels A and C, upward arrows), but decreasing
HH were present with only-FP (panel B, downward arrows). The latter
behavior is known clinically as ”typical Wenckebach” and the former is
described as ”atypical Wenckebach” [153]. While the specific mechanism(s) for
such conduction peculiarity is not well understood, our model suggests that
the involvement of AVN dual pathways electrophysiology could be a likely
explanation. In fact, the model predicts that even small changes in atrial rate
can alter significantly the pattern of Wenckebach periodicity. Thus Fig. 6.6
(bottom panels, curved arrows) shows that at an atrial coupling interval of 158
ms the intact node can exhibit both a ”typical” and ”atypical” pattern of HH
evolution.
We ran all 5 rabbit heart models through a wide range of atrial pacing
rates both in intact and ablated (FP or SP) modes and were able to generate
both ”typical” and ”atypical” Wenckebach in each case. Some summarized
results are shown in Fig. 6.7 and demonstrate that during Wenckebach
periodicity the properties of the intact AV node were mostly determined by


































Figure 6.5: An example of 5:4 Wenckebach periodicity during regular atrial
pacing in an intact AV node model (column A, rabbit heart # 1), and model-
derived sequences with only-FP (column B) and only-SP (column C) conduction.
The upper panels schematically represent atrial and His electrograms. The H-
amplitude alternans indicates presence of specific pathway: FP (low amplitude),
or SP (high amplitude). The middle panels show the AH conduction times of
consecutive beats in the Wenckebach cycle, whereas the bottom panels represent
the HH interval evolution. Blocked atrial beats are marked by the symbol ⊥
(upper panels) and by dashed lines in the HH panels. Upward arrows indicate
”atypical” Wenckebach pattern with progressively longer HH, while downward
arrows indicate ”typical” pattern with progressively shorter HH intervals in the











Figure 6.6: An example of 6:5 Wenckebach periodicity during regular atrial
pacing in an intact AV node (data from rabbit # 4). The figure is organized
similarly to Fig. 6.5. Note the presence of both typical and atypical HH pattern
(curved arrows). See the text for details.
the presence of the SP. When compared to only-FP conduction (columns ”c”),
both the intact node (columns ”a”) and only-SP conduction (columns ”b”)
revealed Wenckebach periodicity at relatively shorter AA intervals that also
occupied a wider range. The predominant role of the SP can also be derived
from all traces in Figs. 6.4, 6.5, and 6.6 (intact AVN) whereas FP conduction
was only observed in the first beat of the Wenckebach cycle with all
subsequent beats utilizing the SP.
6.3.6 Selective AV Nodal Ablations and Atrial Fibrillation
In Fig. 6.8 HH intervals resulting from random AA pacing (containing
intervals from 75 to 125 ms) are depicted in one modeled heart. Table 6.3
summarizes the shortest, the average and longest HH intervals in all 5 rabbit
heart models using intact, only-SP, or only-FP models. Ablation of the FP
(Fig. 6.8, middle panel) did not produce significant prolongation in the mean
HH interval (a measure for slowing of ventricular rate). This finding agrees
with both experimental [44, 45, 46] and clinical [144, 145] observations
indicating relatively low effectiveness of FP-ablations as a therapy to control
(i.e., to slow) ventricular rate in AF. In contrast, ablation of the SP (right
panel C) produced a significant reduction in the number of short HH intervals,
resulting in an increase of the minimum HH interval, as well as a prolongation



















Figure 6.7: Systematic analysis of the atrial AA pacing intervals producing
Wenckebach periodicity in intact AV models, and after selective SP or FP
ablation. The white bars indicate ranges of AA intervals for which the
Wenckebach phenomenon was generated in the intact AV node (a), in only
the SP (b) and in only the FP (c). As seen, FP ablation (panels b) did not
modify significantly AA interval ranges producing Wenckebach periodicity in
the intact node. However, after SP ablation (panels c) Wenckebach periodicity
was observed at longer AA intervals that occupied narrower range. This
suggests that Wenckebach-like conduction patterns in the intact AV node are
predominantly determined by the SP.
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of the average HH interval. The increase in the average HH interval after SP
ablation was highly correlated with the ratio between the number of SP and
FP conducted beats in the intact heart (R=0.91, p>0.05). Thus the model
predicts that SP-ablation, which is a common clinical procedure for control of
ventricular rate, [144, 145] should be expected to be particularly effective in
intact hearts that favor SP conduction during AF. The latter could be
determined by applying the His-alternans index before performing the ablation




























Figure 6.8: Distribution of 2000 consecutive HH intervals during random atrial
pacing (AA intervals from 75 to 125 ms) in the intact node (left), after FP-
ablation (middle) and after SP-ablation (right). Data was derived from the
model of rabbit heart # 2. Beats conducted via the SP are shown as grey dots,
and beats conducted via the FP are shown as black dots. See the text for details.
Table 6.3: Effect of selective pathway ablation on HH intervals during atrial
fibrillation.
Shortest HH (ms) Average HH (ms) Longest HH (ms)
Intact AV node 125±29 202±39 318±50
FP-ablation 127±30 205±41 436±72*
SP-ablation 179±72* 274±50* 401±47*
∗p>0.05 respect to control values
6.3.7 Multimodal HH interval Histograms: Role of the
Dual AV Nodal Physiology
As commented previously in the present thesis, the existence of bimodal HH
histograms has been used in the literature as an indirect identification of dual
AV nodal physiology [40, 97, 43]. However, as we previously demonstrated [109],
the presence of more than one predominant HH distribution may be due mainly
to different AV nodal conduction patterns (2:1, 3:1, 4:1, etc.) rather than FP
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or SP conductions. In order to clarify these phenomena, different experiments
were developed by using the mathematical model of the AV node presented
in this chapter and the AA intervals series generator presented in chapter 5.
These simulation produced different ventricular response patterns depending
on the relationship between the atrial signal and atrioventricular characteristics.
About the bimodal HH histogram phenomenon, all different ventricular response
patterns can be summarized in four scenarios that are illustrated in (Fig. 6.9).
In the first scenario (panels 1A to 1D) an example for rabbit 4 is illustrated.
The intact AV node presented a unimodal histogram although both FP and
SP conductions were present (panel 1B). The mean AA interval in this case
was 110ms and the most probable HH interval was around 220ms which may
represent a predominant 2:1 conduction pattern. When a simulated ablation of
the SP (panel 1C) or the FP (panel 1D) was produced, no significant differences
were observed in the ventricular response pattern since unimodal histograms
were present.
In the second scenario (panels 2A to 2D) an example for rabbit 5 is shown.
The intact AV node presented a unimodal histogram although both FP and
SP conductions were present (panel 2B). In this specific case the mean AA
interval was 100ms and the most probable HH interval was around 200ms
confirming the presence of a 2:1 dominant pattern. Notice how, after ablation
of the SP, the ventricular response pattern changed to a bimodal histogram
although only the FP was available (2C). In this case both the 2:1 and the 3:1
atrioventricular conduction pattern were present. Similar behaviour was
achieved after the ablation of the FP (2D). Here, although only the SP was
available a bimodal histogram was found. This first scenario in which the
ablation of the SP produced a modification from unimodal to bimodal
histograms was observed during real experiments in the literature [45]
In the third scenario (panels 3A to 3D), an example for rabbit 2 is illustrated.
A bimodal HH histogram was present with the intact node. In this specific case,
the mean AA interval was 105ms and most probable HH interval were around
210ms and 315ms confirming the presence of 2:1 and 3:1 AV conduction patterns.
As it can be observed in panel 3B, both FP and SP conductions were present
and both contribute to the short (2:1) and long (3:1) HH distributions. After
the simulated ablation of the SP (panel 3C) a bimodal HH histogram remained
although only FP conductions were possible. Similarly, after the FP ablation
(panel 3D) a bimodal HH histogram remained although only SP conductions
were available.
In the forth scenario (panels 4A to 4D), a second example for rabbit 2 is
depicted. The only difference with the example of panels 3 was the mean atrial
rate (e.g. mean AA was reduced from 105ms to 100 ms). In this case a
bimodal HH histogram was present with the intact node also. However, in this
experiment FP conductions were mainly responsible for the long HH
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Figure 6.9: Four examples of HH interval histograms during basal conductions
(A), during basal conductions but differentiating FP and SP conductions (B),
after a simulated SP ablation (C) and after a simulated FP ablation (D). (See
text for more details)
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short HH distribution (2:1) (panel 4B). In this case, the ablation of the SP
(panel 4C) produced an apparently unimodal HH histogram with only FP
conductions with mainly a 3:1 conduction pattern. Notice that a little number
of 2:1 conduction pattern beats were also present. Nevertheless, ablation of
the FP (panel 4D) did not modify the bimodal HH histogram pattern and
both short and long HH distributions were present although only SP
conductions were present.
6.4 Discussion and Conclusion
6.4.1 Major Findings
In this study we have developed and presented a novel functional model of
the AV node that includes the dual pathway AV node physiology based on
experimental data. The inclusion of fast pathway (FP) and slow pathway (SP)
conduction properties not only provided an excellent fit to the experimental
data base, but also helped to elucidate complex and still poorly understood
peculiarities of conduction through the AV node during arrhythmias.
The model has been applied to explain how the interaction between FP
and SP propagation may be responsible for the development of Wenckebach
rhythms (irregular periodic ventricular cycles) during regular atrial activation.
Specifically, we have found that Wenckebach periodicity develops in a specific
range of atrial coupling intervals and that consecutive atrial beats are conducted
via either FP or SP. While Wenckebach periodicity could develop theoretically in
a single-pathway model, it is the specific interaction between the two pathways
in the intact heart that produces rich variability of Wenckebach patterns. These
findings can help to explain some of the paradigmatic mechanisms underlying
the atrioventricular conduction [61, 141, 142, 143].
In addition, the presented model has allowed an easy modification of either
FP or SP in the same heart thus permitting evaluation of the effects of clinical
ablations used as therapeutic tools for control of ventricular rate during atrial
fibrillation (AF). Unlike live-models (such as the rabbit heart) in which only
one specific destructive procedure could be performed, the mathematical
model allows unrestricted ”ablation” of the pathways in any order, as well as
subsequent testing with wide range of pacing protocols. Thus we have
illustrated the effects of FP and SP ablations during irregular atrial rates
(such as AF), and demonstrated that only ablation of the SP produced a
significant slowing of ventricular rate.
Finally, the role of dual AV nodal physiology in the ventricular response
pattern has been evaluated. It has been demonstrated that the presence of
bimodal HH interval histograms should not be used as an unequivocal index for
the presence of two active pathways. It has been shown that a unimodal HH
histogram does not necessarily imply the presence of a single pathway both FP
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and SP can produce this ventricular response pattern.
6.4.2 Comparison with Previous AV Node Models
Several functional models have been presented in the literature in order to
calculate the AV nodal conduction time of an atrial activation as a function of
preceding atrial coupling intervals AA and conduction times AH
[76, 67, 64, 65, 74, 140, 73, 69, 70]. The model presented here can be
considered an evolution of previous models. However, unlike previous models
that treated the AV node as single conduit, the new model includes properties
of dual AV nodal physiology based on experimental data. Dual-pathway
electrophysiology was initially introduced in order to explain the AV nodal
reentrant tachycardia (AVNRT) [152]. It has been later established that dual
pathways are a fundamental property that governs atrio-ventricular
conduction even in absence of arrhythmias [12]. Nevertheless, an anatomical
model in which anterograde propagation from atria through the AVN coexists
with potential retrograde propagation through different pathway has become
widely used in the clinic and was validated by the introduction of successful
ablation procedures to cure AVNRT by ablation of the SP, or to control
ventricular rate during AF by modification of the pathways. Despite of all
this, the precise mechanisms governing the interaction between wavefronts
within the AV node remains insufficiently understood.
Our mathematical model offers new tools for deeper insight into the
mechanisms of AV nodal conduction. The model is based on simple
assumption that the bundle of His is activated always via the pathway that
has shorter conduction time for a particular atrial beat. Conduction times are
calculated based on the current atrial prematurity, as well as on the
conduction of the immediately preceding beat. This information is obtained
during routine clinical or experimental interrogation of AV node conduction by
application of standard programmed pacing protocols.
Our model not only calculates conduction times for each of the pathways,
but also permits determination of the dominant pathway for each atrial beat.
The secondary pathway is considered blocked. The latter condition can
develop according to two different mechanisms (see Fig. 6.2). First, due to
excessive atrial prematurity cellular components within the pathway have not
recovered from previous excitation and remain in refractoriness. In this case
the wavefront propagating via the secondary pathway reaches inexcitable
barrier and stops. Second, a wavefront may propagate successfully along the
pathway but slower than the wavefront in the dominant pathway. The latter
not only reaches the bundle of His, but in addition invades retrogradely the
excitable secondary pathway and collides with the wavefront there. The
collision results in annihilation and block within the secondary pathway [154].
Our model calculates the responses of each pathway based on its inherent
conduction properties derived from the standard pacing protocols during initial
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testing, and makes final decision about which pathway, SP or FP, would be
dominant or secondary. We took advantage of recently discovered powerful
marker of dual pathway AV nodal conduction, the His alternans [44, 45, 46]. By
monitoring the amplitude of the His electrogram spikes in a real physiological
experiment one can reliably determine the dominant pathway for each conducted
beat. During the development phase, our model’s constants were calculated to
achieve a desired fit with the experimental database for each individual heart.
During the testing phase the model responded very similar to the real heart
in conditions of complex and/or random interrogation protocols that resulted
in arrhythmias such as Wenckebach periodicity and atrial fibrillation. Finally,
the model was used to predict the outcomes of surgical AV nodal modifications
involving ablation of either the SP or FP.
The model described in this study can be used to better understand and
predict the mechanisms governing alternative participation of FP and SP
wavefronts in the filtering task of the AV node during various arrhythmias,
and could be used to assist in the selection of most optimal clinical ablation
procedure for AV nodal modification in a given patient. For example, it has
been suggested that ablation of the SP or partial damage of the compact AVN
might be a useful treatment for ventricular rate control during AF [144, 145].
Our mathematical model shows how the effectiveness of the SP ablation
depends on the percentage of SP conductions observed during AF, since
according to the model higher success should be expected in subjects with
predominant SP conduction.
Our model is based on exponential mathematical equations based on
empirical data obtained in real heart preparations. The simplicity of the
present functional model does not reflect the complexity of the anatomical
structure of the AV node but allows a description of the input output
relationship of AV nodal conduction in a form that would permit quantitative
applications, including in the clinic. Future efforts to combine a realistic
three-dimensional structure of the AV node [155, 92] with ionic channel
modelling of the different cellular types found in the AV node [94] and their
connections are likely to further our understanding of AV nodal complexity.
6.4.3 Study Implications and Limitations
Several limitations of the presented model should not be underestimated:
1) The model presented here includes two pathways, in accordance with our
experimental data. However, multiple pathway physiology may exist as has
been suggested in the literature [156]. More than two pathways could be easily
introduced in the model by the construction of multiple conduction curves from
experimental data.
2) In this work, both in the experimental and in the modeling parts, atrial
pacing protocols were designed to apply the same input stimuli to both
pathways. Even though different authors have not found significant differences
6.4. DISCUSSION AND CONCLUSION 97
in the AV nodal response when stimulation was applied to either the Crista
Terminalis or the inter atrial septum [116, 146], it may be more accurate to
consider independent inputs to each pathway in the AF model.
3) Complex pathway interactions, like micro-reentry or electrotonic
inhibitions, cannot be detected by available markers (such as His alternans)
and were not included in the model. However, they may also play an
important role in the atrioventricular conduction during irregular atrial
rhythms and be responsible for some errors in model predictions. Higher
resolution electrical or optical mapping recordings may be needed in order to
include these features in the model.
4) The anatomy of each AV junction may present important differences
from one preparation to another, especially in the anatomy, cell orientations
and interactions. Such variability may explain the differences found among
parameters used in this functional model to accurately reproduce complex
functional AV nodal responses and conduction times. Further studies of the
anatomy of AV nodal junctions may help to elucidate the physiological
meaning of the parameters used.
5) The effect of the autonomic tone in the modulation of AV nodal
conduction has not been considered in the model. Variations in the autonomic
tone may affect many of the parameters of the model considered as constant
values, (i.e. AHmax or AHmin). Modeling the effect of the autonomic nervous
system on the AV conduction may help in understanding the effect of vagal
stimulation on the ventricular rate during atrial arrhythmias [123].
In summary, we realize that our mathematical model is derived from the
rabbit heart, has limitations, and should be applied carefully to the study of
human AV conduction. Data from electrophysiological studies in humans are
needed in order to improve and validate the model for clinical applications.
However, the presented model can help in understanding some of the intriguing
AV node mechanisms and should be considered as a step forward in the studies




7.1 Discussion 7.3 Guides for future work
7.2 Conclusion
In this chapter a global conclusion of the results given in this dissertation is
presented. This chapter has been structured in three sections. First, the main
findings of this thesis are summarized and previous works relevant to this topic
are discussed in light of our results. Limitations of the methods presented in the
previous sections are highlighted. Secondly, the main conclusions of this work
are explicitly presented and it is summarized how they satisfy the objectives
previously established. Finally, a third section is dedicated to future research
lines.
7.1 Discussion
During the development of the present thesis different characteristics of the
AV conduction have been analyzed by using recordings from different species
and with different techniques. We started analyzing one of the most intriguing
behaviors of the ventricular response patterns during AF; when constructing
RR-interval histograms obtained from Holter recordings with persistent AF,
uni-, bi-, or multimodal RR distribution patterns can be found. In fact, more
than 50% of patients during AF presented more than one RR distribution.
Despite the importance of these phenomena in rate-controlling therapies for the
AF, mechanisms responsible of this observation remain controversial. In 1950,
Söderström postulated that populations of RR conductions should be multiples
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of the refractory periods of the AV node [107]. It was a reasonable hypothesis,
since AV nodal refractory period is modified by the vagal tone [112]. Effect of
the vagal tone on the ERP should be gradual, however when we analyzed the
ventricular response pattern from Holter ECGs we noted that the variation in
the mean RR interval was not associated with a gradual modification of the
position of predominant RR intervals. Rather than this, we noticed that the
reduction of the mean RR during the night was caused by an increase in the
number of occurrences of long RR interval populations and a decrease in the
number of occurrences of short RR interval populations, whereas the position
of populations did not change.
In 1956, Moe et al. presented evidence of the existence of an AV node dual
physiology [23]. It was demonstrated that the so-called slow-pathway has a
shorter refractory period but lower conduction velocity than the so-called fast-
pathway. The concept of two pathways with separated conduction properties
was used later by Olsson et al. [97, 40, 95] for suggesting that predominant
RR intervals during AF are caused by conduction through different AV node
pathways. However, even when the slow pathway presents a slightly shorter
refractory period than the fast pathway, both refractory periods range from 250
to 350 ms [113], differences that do not exceed 100 ms, far from the positions
of the predominant RR intervals observed in our results and previous studies
[40, 41]. This analysis invalidates the hypothesis from Olsson et al.
More recently, Garrigue et al. demonstrated that not the dual AV nodal
pathways per se, but the complexity of the atrial-AV nodal engagement underlie
the VR patterns observed during fast atrial rates [114, 115]. In the same way,
by pacing from different sites of the atria in rabbit experiments, Chorro et al.
[116] concluded that the ventricular rate during AF was not only determined
by the properties of the AV node but also by the rate and irregularity of the
fibrillatory process. This reaffirms the idea presented by Kirsh et al.[117], who
suggested that the irregularity of the VR during AF is primarily a consequence
of the irregularity inherent in the atrial activity and the role of the AV node is
predominantly confined to scaling the atrial activity [117].
With all this background we aimed to demonstrate that predominant RR
intervals during AF are related with the atrial fibrillatory process: we
hypothesized that each one of these populations may be a multiple of the
mean atrial rate.
In order to validate this hypothesis we have used two main approaches, one
to confirm empirically our assumptions by using real human clinical recordings
and another to validate those assumptions by using mathematical models of the
atrial fibrillatory process and the atrioventricular conduction:
• By analyzing Holter ECG recordings, an automatic method for the
characterization of the ventricular response during AF by using
histographic Poincaré plots has been presented. We have introduced the
Poincaré Surface plot for reducing the dispersion of RR populations,
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allowing a robust and reproducible population detection. With this novel
methodology we have empirically demonstrated a relation between the
atrial cycle length and the ventricular response during AF. It has been
illustrated how the reduction of the ventricular rate due to changes in
the autonomic tone (e.g. days vs. night) does not imply variations in the
position of predominant RR intervals, but rather variation in the
probability of occurrence of each predominant RR intervals. Similar
behavior was found when the conduction properties of the AV node were
modified by β-blockers. In addition, it has been illustrated how a
modification in the atrial rate due to Verapamil produces shifts in the
position of the pRR consistent with modified DACL values.
• By using endocardial recordings from humans and rabbits, mathematical
models of the atrial activity and the atrioventricular conduction behavior
have been developed and used to functionally demonstrate the main role
of the atrial fibrillatory process in the ventricular response during AF.
Specifically, we propose a novel methodology for the generation of
realistic AA interval series during AF. We have demonstrated that Type
IV Pearson can be adjusted in order to fit probability density functions
of AA series with different statistical properties with higher accuracy
than other distributions such as Poisson or Gaussian distribution. The
proposed methodology also includes autocorrelation characteristics,
which may modify the organization of the ventricular response during
AF.
In addition, a novel model of the AV node that includes the dual AV
nodal physiology and the concealed conduction has been presented and
validated by using experimental data from rabbit AV node preparations.
By using mathematical models the fundamental role of the mean AA
interval series has been illustrated; the AV conduction during AF has
been demonstrated to be confined to scaling the mean atrial rate. In
added, the importance of the organization of the atrial bombarding into
the AV node has been studied. It has been showed how the degree of
transient linking [124], simulated by means of the autocorrelation
coefficient and the standard deviation, can produce important differences
in the ventricular response pattern even for the same AV node. We
showed that low organization can produce a wide and apparently
unimodal RR interval histogram, whereas higher degrees of organization
of the atrial activity produced bimodal RR interval histogram. In added,
mathematical models of the AV node together with the possibility to
generate realistic AA interval series simulating AF has allowed us to
functionally demonstrate that the presence of bimodal RR interval
histograms should not be used as an unequivocal index for the presence
of active fast and slow pathways. Similarly, the presence of a unimodal
RR interval histogram does not imply the existence of only a single
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pathway since both FP and SP can produce this ventricular response
pattern. Finally, these mathematical models were also useful to elucidate
some complex and still poorly understood peculiarities of conduction
through the AV node during arrhythmias. The model has been applied
to explain how the interaction between FP and SP propagation may be
responsible for the development of atypical Wenckebach rhythms
(irregular periodic ventricular cycles during regular atrial activation). In
addition, the presented model has allowed an easy modification of either
FP or SP in the same heart thus permitting evaluation of the effects of
clinical ablations used as therapeutic tools for control of the ventricular
rate during AF.
7.1.1 Limitations
Two main limitation of this work need to be considered:
1 The empirical demonstration of the relation between the atrial
fibrillatory process and predominant RR intervals was based in indirect
measurements from non-invasive recordings. Holter ECG signals are the
only clinical signals that allow long term evaluation and consequently a
detailed analysis of the effects of the autonomic tone or rate control
treatments in the atrial and ventricular response during AF. However,
these non-invasive recordings only allow indirect measurements of the
atrial bombarding into the AV node. For a more precise demonstration
of the presented hypothesis, an intracardiac mapping of the triangle of
Koch and the His region may be needed. However, clinical techniques
that allow this kind of recordings are not available. This has been the
main reason why mathematical models have been used to demonstrate
our proposed hypothesis.
2 The functional illustration of the mechanisms involving the
atrioventricular conduction during atrial fibrillation was developed by
using a mathematical model of the atrioventricular conduction based in
rabbit experiments. This may be considered as an important limitation
for the extrapolation of present results to the atrioventricular conduction
in humans. In fact, as shown in chapter 4 and [109], preferential RR
distributions in humans are usually the 3rd, 4th or 5th multiple of the
mean atrial rate. In rabbits the most frequent RR interval and the
effective refractory period of the AV node are shorter than in humans,
consequently in rabbits predominant RR intervals are usually the 2nd or
3rd multiple of the mean atrial rate. This difference may have important
implications in the interaction pattern between the fast and slow
pathways. A similar model to that described in chapter 6 but for a
human AV node may be necessary to confirm that human AV nodes
present similar mechanisms than rabbit AV nodes.
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7.2 Conclusion
In this thesis we have accomplished all the objectives that were established. A
brief response to each objective stated in section 1 is detailed in this section.
Objective:
• Development of a methodology for the characterization of the ventricular
response during atrial fibrillation.
Response: A novel method, the Poincaré Surface Profile, has been
introduced for reducing the dispersion of RR populations, allowing an
accurate and reproducible RR population detection. The Poincaré
Surface Profile method is a robust technique that allows automatic
detection of preferential AV nodal conductions. Consequently, it may
play a relevant role for a deeper understanding of AF mechanisms and
for quantifying AF patterns and properties.
Objective:
• Evaluation of the role of the atrial fibrillatory activity in the ventricular
response during AF.
Response: In order to achieve this objective two approaches have been
applied: 1) the relation between predominant RR and multiples of the
dominant atrial cycle length measured from Holter ECG signals during
AF suggests that more probable RR intervals are caused by different
conduction ratios of the atrial rate. 2) A novel mathematical model of
the AV node, together with generated synthetic AA interval series,
demonstrated the relation between mean values of AA interval series and
position of predominant RR intervals.
Objective:
• Evaluation of the role of the dual AV nodal physiology in the ventricular
response during AF.
Response: The mathematical model of the AV node, together with the
possibility to generate realistic AA interval series simulating AF, has
allowed us to demonstrate all different scenarios of interaction between
both fast and slow atrioventricular pathways during AF. It has been
shown how the existence of different predominant RR interval is mainly
related with the organization of the atrial bombarding into the AV node
rather than in the presence of one or two atrioventricular pathways.
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7.3 Guides for future work
The present thesis can help in understanding some of the intriguing AV node
mechanisms and should be considered as a step forward in the studies of AV
nodal conduction. Our experimental and mathematical models simulations
have demonstrated the important role that AA interval series characteristics
play in the ventricular response during AF. In fact, conclusions of the present
research may modify the way in which clinician plan rate control strategies or
at least may indicate that clinical trials of rate control strategies should
evaluate the specific characteristics of the fibrillatory process as a
discriminatory parameter. However, several questions remain not answered
after the developed of the present thesis. Some intriguing results presented
here open new questions that future works may need to address.
As previously stated, mathematical models presented in this study have been
based in experimental recordings from rabbits preparations. Recently the His
electrogram alternance phenomenon was demonstrated in an explanted human
heart [93]. This, together with new improvements on intracardiac recording
equipment by means of novel electroanatomical navigation systems (i.e. CARTO
or EnSite systems) will allow in the near future clinical recordings in the region
of the His bundle that present the His electrogram alternance. This opens
possibility for the development of mathematical models similar to that presented
in this dissertation but based on human recordings. In fact, since the time used
to perform recording protocols needed to adjust the model may not be longer
than 10-15 minutes, a mathematical model of the AV node of each specific
patient could be developed and used to select the most appropriate treatment.
Even before the development of a specific model of the AV node adapted to
humans, the presented model could be used to quantify the effect of each
modulating factor on each pathway and also intact AV nodes. A detailed
analysis of the dependency of each parameter with other modulating factors
(i.e. time after thoracotomy, rate control drugs, etc.) may be of great interest.
Also, an analysis of the relation between the histological anatomy of each AV
node preparation and the demonstrated differences in some parameters of the
model would be a relevant study. Notice that the anatomy of each AV
junction may present important differences from one preparation to another,
especially in cells orientation and connexion,
In addition, the principles incorporated in our model could be used for
testing and improving other more sophisticated models like the recently
presented by both Efimov’s group and Boyett’s group [157, 91, 92, 94].
Without any kind of doubt these detailed 3D morphological reconstructions of
the AV node together with detailed mathematical models of the
electrophysiological behaviour of AV node cells will be useful to finally unmask
some of the most intriguing characteristics of the AV node.
Although with the current technology the amount of work required for a
3D histological reconstruction makes unfeasible to construct an specific model
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for each individual AV node preparation, which may allow inter-individual
comparisons as those developed in the present work, in the near future novel
image techniques will revolutionize the way in which mathematical models are
developed nowadays. In added, although today, realistic 3D model at the level
of ion channels may need hours or days to simulate several seconds in some of
the most powerful computers, in the near future new computer technologies
will drastically reduce that computational time. All these novel techniques will




As it occurs in most research works, this dissertation can not be regarded as
an isolated item. On the contrary, it has been developed within the framework
of current research projects, and having established close contacts with other
research groups and institutions. In addition, the most important advances
achieved in this thesis have been published in top level conferences and journals
with high impact factor indices.
8.1 Publications
This thesis is supported by the publication of part of its content in three articles
already published in international journals and a fourth article under the review
process of an international journals at the time of the defense of the thesis, all
of them listed in the Scientific Citation Index. In added, part of the work was
published as a book chapter and presented in diverse international conferences.
8.1.1 Main Contributions of This Thesis
• Poincaré Surface Profiles of RR intervals. A novel noninvasive
method for the evaluation of preferential AV nodal conduction
during atrial fibrillation [109], which appeared in IEEE Transactions
on Biomedical Engineering (Impact Factor: 2.154, Ranking 22/59 in
category Biomedical Engineering). In this article, a new method for the
evaluation of the ventricular response during atrial fibrillation is
proposed.
• Role of the Atrial Rate as a Factor Modulating Ventricular
Response during Atrial Fibrillation [121], which appeared in
Pace-Pacing and Clinical Electrophysiology (Impact Factor: 1.578,
Ranking 36/59 in category Biomedical Engineering). In this article we
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evaluated the relation between the mean atrial rate and the position of
preferential RR interval distributions. For the first time a correlation
between the atrial activity and the ventricular activity during AF was
demonstrated.
• Realistic Generation of Atrial to Atrial Interval during Atrial
Fibrillation [158], which is under review. In this work we propose a
novel methodology for the generation of realistic AA interval series during
AF. These synthetic AA interval series were used to evaluate the role of
the atrial fibrillatory process in the ventricular response by using AV node
mathematical models.
• Functional Mathematical Model of Dual Pathway AV nodal
Conduction [139], American Journal of Physiology-Heart and
Circulatory Physiology Impact Factor: 3.712, Ranking 17/95 in category
Cardiac and Cardiovascular Systems). In this study we have developed
and presented a novel functional model of the AV node that includes the
dual pathway AV node physiology based on experimental data. This
model may useful to understand the atrioventricular conduction during
supraventricular arrhythmias and specially during Atrial Fibrillation.
8.1.2 Contributions Related to This Thesis
• Noninvasive assessment of the complexity and stationarity of
the atrial wavefront patterns during atrial fibrillation [159],
which appeared in IEEE Transactions on Biomedical Engineering
(Impact Factor: 2.154, Ranking 22/59 in category Biomedical
Engineering). In this work a novel automated approach to quantitatively
evaluate the degree of spatio-temporal organization in the atrial activity
during atrial fibrillation is presented.
• Non-invasive mapping of atrial fibrillation [160], which appeared in
Journal of Cardiovascular Electrophysiology (Impact Factor: 3.703,
Ranking 19/95 in category Cardiac and Cardiovascular systems). This
publication describes the techniques used for constructing body surface
potential maps during atrial fibrillation and the propagation patterns
that we have observed in humans.
• Limitations of Dower’s inverse transform for the study of atrial
loops during atrial fibrillation [161], which appeared in Pacing and
Clinical Electrophysiology (Impact Factor: 1.578, Ranking 36/59 in
category Biomedical Engineering). In this manuscript we evaluated the
performance of Dower’s inverse transform and for the derivation of
orthogonal leads during atrial fibrillation. Other P-wave optimized and
QRS-optimized transforms were also evaluated.
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• Evaluation of lead selection methods for optimal reconstruction
of body surface potentials [162], which appeared in Journal of
Electrocardiology (Impact Factor: 1.077, Ranking 69/95 in category
Cardiac and Cardiovascular systems). This publication evaluates two
different methods proposed in the literature for the determination of
optimum lead sets departing from Body Surface Potential Mapping
recordings.
• How many leads are necessary for a reliable reconstruction of
surface potentials during atrial fibrillation? [163], which appeared
in IEEE Transactions on Information Technology in Biomedicine (Impact
Factor: 1.694, ranking 27/95 in category Computer Science, Information
Systems). This paper evaluated the minimum number of electrodes which
allow an accurate reconstruction of body surface potentials during atrial
fibrillation.
• Improving The Diagnosis Of Bundle Branch Block By The
Analysis Of Body Surface Potential Maps [164], which appeared in
Journal of Electrocardiology(Impact Factor: 1.077, Ranking 69/95 in
category Cardiac and Cardiovascular systems). This publication
describes the possible use of Body Surface Potential Mapping for an
automatic diagnosis of bundle branch block.
Finally, research works related to this thesis have been presented in
Spanish and international conferences in the fields of biomedical engineering,
signal processing and cardiology, with a total of 40 contributions.
8.2 Framework of the Dissertation
This dissertation has been carried out within the Bioengineering group at the
Institute for the Applications of Advanced Information and Communication
Technologies (Bio-ITACA) at Universitat Politècnica de València. The
researchers in the Bioengineering area, leaded by Dr. José Millet, have
contrasted expertise in the analysis of cardiac arrhythmias from the ECG,
such as ventricular fibrillation, ventricular tachycardia, etc. Research at
(Bio-ITACA) has been devoted during the last years to the analysis of
electrical activity of the heart and specially the atrial fibrillatory signals. The
research at Bio-ITACA has focused in the study of non-invasive recordings
such as standard-ECG, Holter ECGs or Body Surface Potential Mapping
recordings. More recently, these tools are been validated by means of the
analysis of intracardiac recordings and mathematical models such as those
presented in this thesis.
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8.2.1 Research Projects
This work has been developed within the framework of several research projects.
The interest and relevance of the research activity carried out in the Bio-ITACA
group has been acknowledged by public administrations, which have contributed
with important economical support to the following research projects:
• Ministerio de Ciencia e Innovación.
Desarrollo de tecnicas avanzadas de analisis y caracterizacin de mapas de
propagacion para la ayuda al diagnostico electrocardiografico.
From Jan. 1st, 2010 until Jan. 1st, 2013.
• Ministerio de Educación.
Sistema integral de analisis de la señal electrica cardiaca para la evaluacin
de arrimias supraventriculares.
From Jan. 1st, 2009 until Dec. 1st, 2010.
• Ministerio de Educación.
Exploración de nuevas técnicas de procesado y analisis de la fibrilación
auricular. Aportación de los sistemas multi-derivación.
From Oct. 15th, 2005 until Jan. 1st, 2009.
• Generalitat Valenciana. Conselleria de Educacio.
PROMAPCOR: Desarrollo de tecnicas avanzadas de analisis y
caracterizacin de mapas de propagacion para la ayuda al diagnostico
electrocardiografico
From Jan. 1st, 2010 until Jan. 1st, 2011
• Generalitat Valenciana. Conselleria de Sanitat.
Valoracin del efecto de la ablacion sobre la distrubicion de frecuencias
dominantes mediante cartografia electrica no invasiva de alta densidad de
la fibrilacion auricular
From Jan. 1st, 2010 until Dec. 31st, 2010
• Generalitat Valenciana. Conselleria de Sanitat.
Estudio y caracterizacion del flutter auricular mediante capas
electrocardiograficos de superficie
From Jan. 1st, 2009 until Dec. 31st, 2009
• Sociedad Española de Cardiologia
Cartografia no invasiva de alta densidad de fibrilacion auricular. Analisis
de correlacion con registros
From Jan. 1st, 2009 until Dec. 31st, 2010
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• Generalitat Valenciana. Conselleria de Educacio.
Sistema integral de analisis de la señal cardiaca para la evaluacion de
arritmias supraventriculares
From Jan. 1st, 2009 until Jan. 1st, 2010
• UPV. Vicerrectorado de Investigación, Desarrollo e Innovación.
Genesis del electrocardiograma de superficie en el sindromde Brugada.
From Dec. 12th, 2009 until Jan. 1st, 2011.
• UPV. Vicerrectorado de Investigación, Desarrollo e Innovación.
Extraccion de la actividad auricular en registros de mapeo
electrocardiografico no invasivo de alta densidad de la fibrilacion
auricular.
From Dec. 15th, 2009 until Jan. 15th, 2010.
• UPV. Vicerrectorado de Investigación, Desarrollo e Innovación.
Analisis de la onda-P del electrocardiograma para la caracterizacin de la
conduccion auricular en pacientes con riesgo de sufrir episiodeos de
fibrilacion auricular.
From Dec. 4th, 2007 until Dec. 4th, 2009.
8.2.2 International Research Stays
During the development of this thesis AM Climent has successfully completed
several research stays:
• Universitats Klinikum, Magdeburg, Germany, 6 months research
stay within the group leaded by Dr. Andreas Bollmann. During this stay,
a joint work presented in this thesis was developed [109].
• Politecnico de Milano, Milan, Italy, 3 months under the supervision
of Dr. Luca Mainardi. During this stay, a book chapter about the
ventricular response during atrial fibrillation was prepared [51].
• Leipzig Heart Center, Leipzig University, Germany), 3 months
research stay within the group leaded by Dr. Andreas Bollmann. During
this stay, a joint work presented in this thesis was developed[121].
• Cleveland Clinic, Cleveland, Ohio, United States of America, 1
month under the supervision of Dr. Todor Mazgalev. During this stay, a
joint work presented in this thesis was developed [139].
• Michigan University, Ann Arbor, Michigan, United States of
America, 2 months under the supervision of Dr. Omer Berenfeld.
During this stay, a joint project for the analysis of animal recordings and
mathematical simulations during atrial fibrillation was started.
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8.2.3 Collaborations
Within the general framework of this thesis, the contacts with the following
research groups and institutions have been established and reinforced:
University of Madgeburg and Leipzig University, Germany Dr.
Andreas Bollmann is currently one of the most active cardiologists in AF
research. After carrying out a 9-month stage within his research group,
the author is further collaborating with Dr. Bollmann in a joint work
whose main objective is to extend the analysis of electrocardiographic
signals during AF. This collaboration has resulted in several publications
and collaborations [57, 165, 109, 121, 161, 160, 163]
Cleveland Clinic, Cleveland, Ohio, United States of America The
group of researchers at the Department of Molecular Cardiology in the
Lerner Research Institute , leaded by Dr. Mazgalev have helped us with
the development of isolated rabbit heart experiments and also with the
interpretation of the results of our studies. This collaboration is resulting
in interesting publications [139, 166].
Hospital Gregorio Marañon de Madrid, Spain. The cardiologists at the
Servicio de Electrofisiologia, leaded by Dr. Felipe Atienza have helped us
with the acquisition of intracardiac recordings of patients during Atrial
Fibrillation and also with the interpretation of the results of our studies.
This collaboration is resulting in interesting publications [158].
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